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ABSTRACT

8

The Annieopsquotch Complex 18 an ophiolire which forms

the Anﬁ{éopsquotch‘Mountainsvqf southwest Newfoundland. It
contains rocts of the critical zone, gabbro ;one (2.3 km
thick), sheeted dyke zone (1.5 km) and pillow lava zone of
a typical ophiolite. The zones trend northeast, face and
dip southeast af;approximately fifty to seventy degrees and
arevoffset by fpplts. .

Cumulate rdcksfo the critical zone preserve graded
layers, trough structures and slump folds and elsewhere are
metamorphosed and- deéormed. The gabbro zone is-
heterogeneous and céntains many textural varietfies of
éabbro; pegmatific pods,'layering, trondhjemige pods and°®
amphibolite near the base. It bassgs through a transition
zone to a sheeted dyke zone which extends the - fﬁll' length

. of the ophiolite. Dykeg trend northwest and are aphyric or

plagioclase’ = phyric? dlabase. - The 'pillow lava =zone,

——

besides pillbw basalt, - contains minor pillow breccia,

) .
hyaloclastite .and chert. : . . ~

ﬁajor; trace and rare earth element geochemistry anq
clinopyroxen; chemistry 1ndicate }hat the suife is wost
similar to Normal ~ type mid- ocean ridge basalt, 1low 2r
s contents being the only unusugl feature. Trondhjemites
~have variable chehiétry but elevated contents - of trace

elements consistent with differentiation from this basalt,

The "Anniéopsquotch Complex s faulted against an

iid
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Ordovician tonalite tetrrane to the gorthwest across the
Lloyds River Fault and againgt the Victoria Lake - Groeup to

the southeast. It is cut’ by dykes and sills correlated

with both these units. The ophiolite 1s cut by two late

- -

1nfru§$pnvof.presumed Devonian age and 1is unconformably
e [ . . -
overlain by early S{lurlan terrestrial sedimentary and

volcanic rocks.

Two U-Pb égei forf zircon from -trondhjemite (477.5,
481.4 Ma) 1indicate khatw formation of the Annieopsqgotch
Complex occurred.in Arenigian time. Zircon ages  for ¢the
Bay of Islands (485.7 Ma) and Bei;s Cove éomplexes (;88.6
Ma).show them to.be time equivalents, likewise Arenigilan,

refuting previous infetpretations. A eurvey of ages of

other ophiolites suggests that only oceanic crust (s.1.)

formed over a 1limited time range 1is preéerved in the

Appalachian - Caledonfan Mountai{n Belt.

Other. ophiolitic fragments, most ‘intruded by or
Included in the tonalite, agpe preserved in a belt from

g

Shanadithit Brook to King George IV Lake. Because of
11§hoIogic and chemical similarities, they are in¢luded in
the Annleopsquotch obhiolite belt. . Basalts of the Victoria
iake Group alsoc have very similar chemistry suggesting a

.

genetic link. Common orientations of sheeted dykes in the

fragments  suggest that ‘they may have comprised one

allochthon of Iapetus oceanic crust. This allochthon vas

emplaced over the Ordovician comtinentil margin of North

. L’ 4 4
America .durdng the Taconic Or ny and intruded by

: T~ '

iv

)"

Ordovic11n gabbro - dforite {intrusions and a granite

wd







ACKNOWLEDGMENTS

I am gzateful to my supervisor, John Malpas, for °
discussions and critical comments and for fimancial support
from his NSERC grant. He has also stimulated my .interest

in world travel. )

1

. ‘ ! .
Mapping during 1938,1979,I980 and 1981 was supported

entirely and major elemen} analyses were performed by the
Geological Survey of Canada through project 770026 of Dr.
Richard Herd. Thanks to .J.C. McGlynn for fiAancial
support for expenses . dincurred during the U-Pb dating
program ét the Royal Ontario Museum. Without these
consideréble funds, compietion of‘ the thes%s would: have

been impossible.
i \

Able field assistarfce was provided by M.A.- Best, K.

Cameron,’ W.P. Carew, P. Carter, R. Jackson, J.

-

MacManus, G.T. Noah and M. Thompson. Equally {important,

3
.

their friéndship. guaranteed -+ four en}oyable and
Qemory;filled summers. Wayne Care; was certainly the most
daring of these people and ou; high speed ‘traverses’ on
Honda mini bikes will be long remembered. _ | X

HelpfGl discussions were had with Richard Herd
throughout the foqr years., .Some of his less conventional
ideas about the Puddle Pond_map area now appear to have
been the most shrewd. Others who contributed‘helpful

advice during many discussions are L.B. Chorlton, B.J.

Fryer, B.F. Kean, T.E. Krogh, R.K. Stevens, D.F.

vi




-

Strong, H. Williams and D.H.C.- Wilton.

s

Techﬁicai assistance was provided by W. Marsh, p.E.

Press and H. Longerich at Memorial University and D.W.
Davis and B, Podstawskj at the Royal Ontario Musgum.  W.

Howell drafted the maps in Chaptef 7. &

.




-

TABLE QF CONTENTS

AhSTRACT.'L.o}qv!"-O v--..-c-'-!o.}' 7.'...1‘...viii

B
-

ACKNOWLEDGMENT S . cecescecssovosssnnonsncosnassssnasscacs vi
( : . ) ;
TABLE»OF CONTENTS.... _ ...,.........]..viii

LIST OF TABLES .+ s eevennn.,s xiv

LIST OF FLGURES.......
)
CHAPTER 1 o ’
2
INTRODUCTION
SUBJECT AND SCOPE OF THESIS.veeueouuenionnoananns
SETTING OF OPHIOLITES WITH;NlNEwéOUNbLAND...;...
l1.2.1 Humber Zone.....cvdsecescccncccccssnassns

1:2.2 Dunnage Z0Ne..ecceececcanasassecsonssassns

el .

CHAPTER * 2
REGIONAL. GEOLOGY
;NTRODUCTION;..:...L............
PHYSIOGRAPHY AND ACCESS..e.evs.
GENERAL STATEMENT......cceceennn
CORMACKS LAKE COMPLEX.7s........
THE ANNIEOPSQUOTCH éOMPLEx..... Cecesarcenennnn

0 R OPHIOLLTIC FRAGMENTS:sess'evescacacnesnsans

Star Lake Map Are€a..c.csceceasecccsonceane
Puddle Pond Map Area........-...}-......{

.1

2

.3 King George IV Lake Map ATe€a.cecsseansdes
" Aee

THE
2.6
2.6,
2.6
2.6 ‘Southwest Newfoundlandesieeooeseosaomacososse

2.7 FOLIATED TONALITE TERRANE... .eueevuvesanenononns
2.8 POST - fONA£1TE>tNTnusxous................,,.;.;
2.9 GRANITIC INTRUSIQNS.uesesvuesenernninaenedonenns
'2.10 TERRESTRIAL $EDIMENTARY'ROCKS.«.;{....i.......;

2.11 STRUCTUREI.OIIO.l....‘l.‘.-.;..‘l..-...l.....bll
2.11.1 COFmaCkS,Lake Comﬁlex...-----...---'..-.'

viii




[

2*11 2 Ophiolitic Rocks...-.-................... 30
2.11.3 Foliated Tonalite Terrane...--...---..... 31
2.11.4 Terrestrial Sedimentary RocKkSBeeesoveoeoss 31

N
- N

2.12 SUMMARY AND CONCLUSTONS euseveuovnsennsaens ce 32

CHAPTER 3

Y
-

?‘ ' GEOLOGY OF THE ANNIEOPSQUOTCH COMPLEX
_ \ . 5

3.1 INTRODUCTION .. eeooapssoscsacnscanocncnnsoances
"3.1.1 Contact RelationshipScecescccoscsessew
3.1.2 Emplacement ceseiecnrtessocsasoocnnnons
3.1.3 Stratigraphic Unit8ieeeeseeeennonosoen

.3.2 THE CRITICAL 2Z0NE.ceuissccnsagearansseocanns
Distribution and CONtacCtBesnnsseoyges

"Magmatiec - Sedimentary FeaturesS.....

Troctolite S1118ccercriosscnccocsncns
 MetamorphisSme cieeensecencaancestensas
Equigranular RoCkS.sesecesacncsaaces
Interpretation and DiscussionNgyeeeess

&

ZONE s euuioeosavonossnsanesnsossonsns
Distribution and CONLACES.enaeenansns
Components of the Gabbro Zone..eeses
Igneous Layering.c.ecessseccaccccaces
Amphibolite and Shear Zones.ceeceseces
Pegmatitic Gabbro POds.ouooqnoooo-Jo
Trondhjemite BodleSeecesavceconconses
Gabdbro - Sheeted Dyke Zone Contact,.
3.3.7.1 Field DescriptionS.cicececss.
"3.3.7.2 Discussion and Interpretation

SITION ZONE............................
el IntroductionN..cseceesooososnsccoccsssos
«2 Distribution and ContactS.ieiasasseosn
«3 Field Descriptions.........-----o.-c
4 Discussion........u.................

SHEETED DYKE ZONE.oecetesscocarcccncssen
l Introduct’ion.........................,
-2 Distribution and ContactS.ceoesoscccs

Field Descrﬁgtiquof Diabase Dykes...

Orien

. ation.......-...---.---.

1
2 Continuity of DykeSeiecaavoases

3 Chilling Directiohs.;’........ o
4 Variation in Dykes Across the Zone
5
v

3.5,
3.5.
3.5
3.5
3.5
a
b

Rock DescriptionNSesscesocscecscees
e Diabasec.eeccesosescseconccsccncns
Descriptions of Trondhjemite Dykes.

3.
3.
3.
3.
3
8
1

3, 5. M 1
3 5. F d
3.6 PILLOW LAVA ZONE..eeeuveeoosueeasesososnsanoancnns

3.6.1 Distribution and ContactBissesecsccsoccees

ix




'_‘\ ‘.' . /'; 3'6.2 Fiel‘db.beébriptions...’.‘..‘.."..'......... 89
, s ;
. , CHAPTER &
PETROLOGY OF THE ANNIEOPSQUOTCH COMPLEX
f . '41 INTRODUCTION--guollncuoonc;c.o.lco000001‘.0-0.0.. 94
" 4.2‘THE CRITICAL ZONE...............;...............' 94
4.2.1 Corona SLruCtuUTEeSecesseesesssssssocssoccae 100
6:2.‘2 Mafic Granulites...-.....:....o.....-...-. 100 .
4.3 GABB‘RO ZoNE........'............‘;..............‘..I 103
. .40351 Gabbl;p--.........--..;..............._......‘ 104
‘..3-2 Eegm’atitic 'POdS-..u.uuc.uuuu.noluuoc.uoaopu L06 . \
4.3.3 Amphibolite..-....'.......---.-...._-...7.-.. 107 ’ )
4.3.4 Trondhjemite and- Diorite..e.veeeevocasosnsse 107
4.3.5 Diabas@eciteoccenceosvoascancssonnnsnanses 11
: - - N : : ~ - aQ
4.4 SHEE.TED DYKE ZONE......-.............‘...........I. 111
. 4.4.1 Diabase DykeSeesesssscsosensacsassssenasae 111 .
! . 4.4.2 Brecciated Dykes...'.............-.-.....-. 114 :
N ¢ 4,5 PILLOW LAVA ZONE.':...:...oo--.........-.....‘v’..-.. 116

4.6 CLASSIFICATION OF MORB.::esvesonnssnoscanncancanns 117

CHAPTER 5

GEOCHEMISTRY OF THE ANNIEOPSQUOTCH COMPLEX Ty T
: AND RELATED OPHIOLITIC FRAGMENTS :

5.1 INTRODUCTIO&...lb......'.................l.......‘. 119 ')'V‘ 7"‘
5.2 SAMPLES FROM THE CRITICAL ZONE......&......:..... 120
*5+3 SAMPLES FROM THE GABBRO ZONE.:ce:eevececsscccesere 123

5.4 SAMPLES OF DIABASE DYKESeieeetceseoasaonsnaonaess 126

i L ~
5.5 SAMPLES FROM THE PILLOW LAVA ZONE......ieeecueese 132 '
5.6 DISCUSSION OF MAJOR ELEMENT VARIATION DIAGRAMS... 135 4 h
5.7 DISCUSSION OF TRACE ELEMENT VARIATION DIAGRAMS... 149 ] R .

. : 5.8 CLOSED OR OPEN SYSTEM FRACTIONATION.............. 163
5.8.1 Introduction....ooccto..o.--ooouuoou-o.u-. 163 . »
5.8.2 Annieopsquotch Trend - Size of Magma ' : .
’ Chaubers..............‘........O.........‘...ll. 166 \'
)
o . /

5.9 GEOCHEMICAL INDICATORS OF SPREADING RATE..ceeecee 167 -




5.10 GEOCHEMISTRY OF TRONDHJEMITES. ...... -
5101 MajJor ElementS.eueeeenaeennneeeeeanan cecsan
3010.2 Trace ElementS.cueeesoeeeeneseennsnnennnn
5.10.3 Generation of Ophiolitic Trondhjemites...

5.11 RARI'i EARIH ELEMENT GEOCHEMISTRY.....
5.11.1 Diabase Dykes and P{110W LAVA .+ e .vusnean-
v 5.11.1.1 Light Rare Earth Element Depletion

. 3

5:11'42 Gabbros.iv e s et ieienneneeuenan
5:11¢3 EqQuUuIgranular ROCK.:.eeoee s oeeseseesosannnenan
5011.4 Trondhjemite oot iineee e e inneneseaneennnns

5.12 CHEMISTRY OF CLINOPYROXENES OF THE

.5 3.11.1.2 Eu Anomalies and HREE Contents....

ANNIEOPSQUOTCH COMPLEX. . i vvin s nvnnunnn. seeaaaea

5:12.1 OCCUTTreNCeS . cieienaennewesns
5.12.1.1 The Critical 2o0one....
5.12.1.2 The Sheeted Dyke Zone

5.12.2 Pyroxene Quadrilateral......

- 5.12.3 Pyroxenes as Indicators of Ba

5.12.3.1 Introductidn.e...ooe...

46 v e 0000 e e

5.12.3.2 Chemical Variat16n Diagrams.......

5el3 SUMMARY .t v o e tine o eunronnnoneenenes
5e¢ld CONCLUSION v v o vees oo vesnsnonee e oooos

5.15 PETROGENESIS OF THE MORB SUITE.....

5.15.1 Introduction . ceee e ie e eenenenenns

5.15.2 The Annieopsquotch Suvitel{...

5.15.3 Primary Magma, Primitive Part

5.15.4 Summary....vcertetaciteceocens

CHAPTER 6
GEOLOGY AND GEOCHEMISTRY OF THE VICTORIA
6-1 INTRODUCTION « v avuvvonusronsennnnnns.
6.2 AREAS SAMPLED.....
6.3 OCCURRENCES OF MAFIC ROCKS..........
6.4 CHEMISTRY OF THE MAFIC ROCKS........
6.5 DISCUSSION OF VARIATION DIAGRAMS....

5.6 RARE EARTH ELEMENT CONTENTS: eoeews..

LAKE GROUP

6.2_ DISCUSSION — SETTING OF BASALT FORMATION.........

6.8 ROCKS OF INTERMEDIATE COMPOSITION...

¢+ a et

6+9 FELSIC ROCK S et tvenncnenonenes

x1

170
170
176
177

179
180
188
191
192
195
197

198
198
198
199
199
215
215
217
237

240
241
241
244

246
253

255
257
259
260
265
277
287
288

289




6.9.1 Dacitesesoesoss.. '
6.9.2 Rhyolite S e o v iureeonnonnnnstsenn.

6 .10 CHEMISTRY OF THE FELSIC ROCKS......
6.11 RARE EARTH ELEMENT CONTENTS...

6.12 DISCUSSION. . vvev e,

CHAPTER 7

" GEOCHRONOLOGY OF OPHIOLITES
OF THE NEWFOUNDLAND APPALACHIANS o

INTRODUCTION AND PREVIOUS WORK......
7.1.1 Bay of Islands Complex...
7.1.2 Betts Cove Complex..ivss.,
7.1.3 Annleopsguotch Complex

NEW DATA... .
7
7
7

+2.1 Bay of Islands Complex
+2.2 Betts Cove CompleX.......
2.3 Annieopsquotch Complgx......

DISCUSSION:. ittt e v aennneess . .
7.3.1 Comparison to Previously Determi
7.3.2 Bay of Islands Complex
Stratigraphic Relationships..........
DATE OF FORMATION OF OTHER APPALACHIAN
CALEDONIAN OPHIOLITES-................ .
7.4.1 North America......

7.4.2 Europe.csesec,..

TIMING OF OBDUCTION . .t teeuunennsnnanen. .

RELEVANCE OF OPHIOLITE AGES TO THE ORDOVICIAN
TIME SCALE..... T

MODERN ANALOG . vt e o s s tennonerencennsans

CHAPTER 8

NEW DATA RELEVANT TO.NEWFOUNDLAND TECTONICS AND
REGIONAL SYNTHESIS AND TECTONIC INTERPRETATION

8.1 NEW DATA RELEVANT TO NEWFOUNDLAND TECTONICS....
8.2 COMPOSITE DUNNAGE ZONE. .« it iiiiiiitnnnenennenas

8.3 TECTONIC HISTORY OF THE ANNIEOPSQUOTCH COMPLEX
AND RELATED OPHIOLITIC FRAGMENTS......... res e




8.4 AGE RELATIONS OF APPALACHIAN - CALEDONIAN
OPHIOLITES ¢ ¢ v vieveeoonossocsosasansnsonse 340

8.5 SUMMARY OF THE THESIS..... e . 3414
REFERENCES... - . 347
APPENDIX 1 PETROGRAPHIC TABLES 365
APPENDIX 2 MAJOR ELEMENT ANALYTICAL PROCEDURE. e 372
APPENDIX 3 TRACE ELEMENT ANALYTICA_‘IV. PROCEDURE. . 375‘
APPENDIX 4 RARE EARTH ELEMENT ANALYTICAL PROCEDURE. 378

APPENDIX 5 ZIRCON PREPARATION AND ANALYTICAL

PROCEDURES .....s . . y 382
5.1 Zircon Sample Preparation.......... . 382
5.2 Zircon SelectiomMe s sesesssstonernana 383
5.3 Zircon Dissolution and U-Pb Loading. 384
5.4 U-Pb Analytical Procedure..sieeveces .. 384
5.5 "Method of Age Calculation - Constraining

the Lower Intercept.............................‘385

APPENDIX 6 ELECTRON MICROPROBE OPERATING CONDITIONS.. 389

APPENDIX 7 CIPW NORMS FOR TABLES OF ANALYSES=&N TEXT. 391




5.2

5.3

5.8

5.9

LIST OF

TABLES -

Ma jor and trace element
troctolite s111 and cr

Major and trace element

Ma jor and trace element
dykes, Annieopsquotch

Ma jor and trace element
"dykes, King George IV

Ma jor and trace element

analyses of rocks of the
itical zoNeeesrinenvesoss

analységlof 2abbroeeeses

analyses of diabdse
CompleXeeasasisarascscos

analyses of diabase
Lake, Shanadithit Brook.

analyses of ophiolitic

inclusfons in Boogle Lake INtrusiofiesscesscos

Ma jor and trace element

Annieopsquotch Complex,

Range of major and trace

analysesnof pillow lava,
King George IVealLake...

element contents of

rocks of the Annieopsquotch CompleX..ioesceess

Ma jor and trace element

and diorite.ccecesnves

Rare earth element conte

analyses of trondhjemite

@ 60 5 e 5 8P E PEOIIITIOEDRPETROS

nts of rocks of the

Annfeopsquotch CompleXeoseoesenssoossssososcnsce

5.10 Electron microprobe analyses of clinopyroxenes
from the critical Zone..sceececacescessncceccns

6.1 Major and trace element analyses

6.2 Major and trace element analyses

Electron microprobe ana

lyses of orthopyroxenes

from the critical zone.,c.iseecsosscocssssoscscens

.

Electron microprobe ana

lyses of olivines

from the critical ZONECoeseoosoncancssanosnnsnsas

Electron microprobe ana

lyses of plagioclase

from the critfical zonNe.scecesosssssssstrseasssasnse

Electron microprobe ana
from diabase dykeS..se

Magmas postulated t® be
or ‘parental” to MORB.

volcanic rocks of the

lyses of clinopyroxenes

-
0 2 5 00 008500 s EP LT a0

’

‘primary’, ‘primiciv

of mafic
Victoria Lake Groupesess

of mafic dykes

a%‘ s111ls of the Victoria Lake Groupiecsecsssces

a s
-

xiv

122

124 -

127

129

130

133

134

171

181

200

204

205

208

209

249

261

263




=

6.3 Rare earth element analyses of rocks from the
Victoria Lake Group...............'..........._.

6.4 Major and trace element analyses of intermediate
- and felsic rocks of the Victoria Lake Group:...

7-1 U—Pb isotopic data.;-‘.o-‘noooo-'-----cc-------.y.
4

N

APPENDIX | Petrography TableS.eeesscesnsascecocanoses

APPENDIX TABLE 2.1 Statistical data for major
element Aan2lysSeScececscccrcscccecccsorsocsoaseess

APPENDIX TABLE 2.2 Comparison.of duplicate major
element ANalySEeSceececcssescesssssssoncssaasanans

APPENDIX TABLE 3.1 Mean and standard deviation of
replicate analyses of standards BCR~1 and W-1.

- ' ’

APPENDIX TABLE S.1 Errors (20) in age calculated by
restricting error in lower intercept to
varying degrees....)’-.-....---......-.-.....--

APPENDIX TABLE 6.1 ﬁeplicate analyses of pyroxene
Standa;ﬁi ACPX e ceeseoosctrsonssoscsscsnsnssssssnsoasssse

APPENDIX 7 CIPW norms for analyses in teXt..e.eoaeass

XV

282

290
308

365

373

374

376

387

390

391

>




LIST OF FIGURES

Frontispiece...‘.fn‘.-.-...a.-.-....-..-......_.-..-...... 11

-

1.1 Major tectonic subdivisions of the Newfoundland
Appalac'hians........--.-.-..-..u...-.-.-...-..

2.1 ,Regional Geo]_:cgy...'..-...-.-.......-..-...-..

2.2 Compafison of the stratigraphy of the
Annieopsquotch Complex and other ophiolitic
fragments to that of the Bay of Islands

Complex........----.----..-...-.-....-.....

3.1»Geolog1cal map of the Annieopsquotph Complex.

A}

3.2 Modally graded olivine- plagioclase-
clinopyroxene MetacuMUlatesSiceeeeoonsosesa

.Trough structure in layered olivine gabbro..

Angular unconformity in the southwest block
of the critical zone......................

Olivine gabbro with isomodal layersiceescee
Fold in troctol%te- olivine éabbro sequence
Olivine gabpr- troctolite layerseseecses
Fine grained equigranular mafic rocka....
3.9 Strongly foliated gabbro.t.;............
3.10 Modal layering im _high- level’ gabbro.

Modally léyered gabbro with concordant
pegmatitic layel’.-..-.......-...-...-.

Fold interpreted to be a magmatic slump

feature........-..--.-..-.....-..-..-a.

Small shear zone 1n gabbroe.iiiececsoesas

. . -
Pegmatitic pod in ‘high- level’ gabbro.......

Trondhjemite as matrix to intrusfion breccfa..

Narrow trondhjemite dykes rooted in a pod of
trondhjemite......-.-..........-..-.........

An irregular patch of fine grained diabase...




)/0*\

Stereonets for dykes of the sheeted dyke zomne.
Sheeted diabase dykes....ovecesoverscnscronsos

Narrow aphanitic diabase dykes cutting wider

dyke.............{.......................q;..

A}

Three late brown- weathering diabase dykes....

Dyke containing thousands of lithic fragments,

Brecc?ﬂled dyke...........................;....
Undeformed, closely packed basaltic pillow lava
Chlorite schist along fault cutting pillow lava

4.1 Gabbro showing plagioclase and clinopyroxene

CYYSTAlS . s eceeensoeanssensscnnsocnrsssoncssnse
Olivine gabbro layer;....;...... essesteenneans
Troctolite Bill.l.l...l......l.l...lu..l....l.’

Troctolite with oriented elongate clots of
anhedral olivine..ieeeeeevoscvacssessnssnsesens

Anorthositg..................... tesssess s
Troctolite sill........:;.,..... A
Corona te*ture In troctolitenssoosesssaancososns
Mafic granulite..f.....;...........7...........
Gabbro with euhedral to subhedral plagioclase..
4.10 Amphibolite . sieeincensssoosocconcssncsosamannsea
Coarse .grained trondhjemite..vvoversnesososcsa

Trondh jemite composed of feldspar and primary

epldote.seeceeceriecrecasnsccsocasostsssoncoanasa

.

Diabase dyke with skeletal plagioclase
phenocrysts...-..............................

Diabase. dyke with plagioclase and
clinopyroxene phenoOCTYItS csveoncocsosoosnmonse

4-15 Brecciated dyke.-....-..--.-....-....-......--.

5.1 Variation of N1 vs., GCr in diabase dykes and
pillow lavao‘.oa-‘ooon"o'c'o.i"...lt'o..l..!l.

xvid




h

- 5.2 AFM alagram...........................

5.3A Na20 + K20 vs. S4102 diagramescesocess

5.3B T102 va. FeO*/MgO diagramescecesce..

5.4 T102 vs. "FeO*/(FeO* + Mg0) dlagrameeecevesss.
5.5 A1203, Ti02, K20 and FeO*.vs'.' Mg0 diagrams...
5.6 Ca0/T102 and A1203 vs. T102 d1agramseseseesses
5.7 CA0/T102 and A1203 ve. T102 diagrams.sessses
5.8'Ti vs. Cr diagram..-...........;..}.. .....;
5.9A TL/100 : Zr : Y*3 dlagrame..e.....

5.9B T}OZ vE, 2Zr diagramec.esecsces
5&;0 C; vs. é diagta;}m............
5.11 T102 vs. Y dlagraMececcecccacecoeasne
5.12 Y/Nb and Zr/Y vs. Zr/Nb dlagrams....
L 5¢13A FeO* vs. Zr diagramesesececosssccoss
5.13B FeO*/MgO vs. 2Zr d{agram........f...
5.14A Histogram of basalt £102 contents...
5.14B Zr/Y vse Zr diagramesccecssccstasesscsnnnsns

5.15 K20 vs. S102 diagram for trondhjemites.....

5.16 Ba, Y and Zr vs, - Ca0 dliagrams for
trondhjemites.uo-o-o-‘o-.ooooo.ooooooo.ooloo

5.17 REE contents of rocks of the Annieopsquotch

CompleXssessesssecsosssenearcesssncnscsncnsanes
5.18 REE contents ‘of six diabase dykes.ieoeiresece
5.19ﬂREE contents of five plllow lavaS.iscecocercse
5.20 REE contents oOf gabbro.ceceacececscccsccccscccnsns

5.21‘Pyroxene quadriléteral showing all analyses.

(&\ 5.22 S102 vs. Ti02 and Al203 dlagrams...c.csesscas

‘5.23'¢1 ve. Fe/Mg ratio for clinopyroxenes........




Ti vs. Fe/Mg ratio for clinopyroxenes .coieeeess

‘.

Cr-vs. Fe/Mg ratio for clinopyroxipes.........

%

Cr vs. Ti diagram for ClinopyroXeneSeaeeoensns

N

.$1 and Ti vs. Al diagrams for clinopyroxenes..

Ti + Cr vs. Ca diagram for clinopyroxenes.....

5.29 Normative olivine- clinopyroxeng— silica
- diagram, projected from plaglioclasCeecesss
5.30 Ni vB. M0 dLagramMeceececesecoseoseosssan

6.1 AFM diagram for rocks of the Victoria Lake

Group....................................

Ti02 vs. FeO/ME0 diagramMessceseceosssssson
A1203/Ti02 vs. T102 diagram.....;..........
Trace element abundances normalized to MORB;
Trace element abundances normalized to MORB.
Ni vs. CrAdiagram..{........;............:
TL vs. Cr diagram.........;............l..
Cr ve. Y dlagrameseeecccccaceness teceseann"
Tioé vs 2t diagram................,........
6.10 Ti02 vs. Y diagram........,;.............
.6.11 REE contents of mafic TocKSeeeeosanseeoen,

6.12 REE contents of Victoria Lake Group vs.
Annieopsquotch Complex.....z.............

6.13 REE contents of felsie rocks-.......-----...

7.1 Ophiolite complexes of western and central
. Newfoundland.......-........-........-._-..-...

7.2 Euhedralbto subhedral zircons, Bay of Islands

Complex...'...--..---o........................

f.3 Geology of Blow Me Dowg Mountain showing
sample location........ ®0 00000 P00 r 0000t

7.4 Geology of part bf Betts Cdve Complex showing
sample Jocation.ieeaieeas. weesecsessesernssns

xix




Concordia diagram, Bay of Islands CompleX.e.as.e 309

Concordia diagram, Betts Cove Comple?ﬁ........m. 309

Anhedral angular zircon fragments, Betts Cove
Complex.............--..-..-.................- 310

Irregular rounded zircon fragments after
BDrasioniieieieenseerecnnieanioiesancenannanes 310

7.9 Concordia diagram, Annieopsquotch CompleXsssosee 313

Concordia diagram, Annieopsquotch ComplexXeoaoss 313

Best, picked, euhedral ‘gem’ zircons,
Annieopsquotch CompleX.esiereeeeassesanaaneeons 315

Radiometric dates and fossil age data, Bay of
Islands ComPleXeeseoooseaseannsanansececonssss 319

Summary of radiometric and fossil age
data for ophlolites, Appalachian - Caledonlan
Mountain Belt..eeeeeesnesoenoeracnsacnnacesose 323

'Appendix Figure 4,1A Comparison of determinations of
REE abundances in BHVO-I.--........-.---.--,... 380

Appendix Figure 4,1B Comparison of determinations of
REE abundances fn sample EH70-77..vesceceseac. 380

Endispiece............-....-.-........_...-.....-.... 403 .




CHAPTER 1 INTRODUCTION

v

<

1.1 Subject and Scope of Thesis

The subject o; this thesis, the Ann;eopsquotch Complex
of southwest Newfoundléndhis an ophiolite which was, until
recently, 1denti£}ed as a g;bbro—diorite iptrusion into
crystalline rocks and the Victoria Lake Group. It is shown
as such on the Tectonle Lithofacies Map of the Appalachian
Orogen (Williams,1978 after Rileycl957). Since much of the
geology 1ﬁ’}he~region around the Complex has only recently
been mabped, a fairly detailed regional picture 1is
presented in Chapter 2 to familiarize the reader with the
general setting of the Compiex. This new mapping is
incﬁrporated in the Geological map of the islaﬁd of

Newfoundland compiled by Hibbard (1983).

The Annieopsquitch Complex itself was mapped in detail

v

:by th; author between 1978 and 1980. A detailed

description of‘the Complex {8 presented im Chapter 3 along
: <

with a geological map (Map 1 in pocket).

The petrology of the Complex has been studied 1in
detail by examination of thin and polished thin sections.
This data is presented in Chapter 4.

As a result of these sgudies the Annieopsquotch
Complex 1is now recognised as one 6f twenty~ five or more
fragmeqfs of ophiolite in a northeast - southwest trending

belt, the Annieopsquotch ophiolite belt., Major and trace




~

eledent analyses of rocks from the~Comp1e; and seven other
ophiolitic fragmepts ‘in, the belt are presented and
discussed in Chapter 5. These, along with ~rare eartﬁ
element an;lyses of a suite of rocks from the
Annileopsquotch Complex are used to charactertze.the Complexi
and rationalise 1its tectonié settiﬁé.

Thg felationship of tﬂe Annieopsqgotch Complex . to the
ad jacent Victorfia Lake draup.is imporfant in constructiﬁg
models for the development of southwest Newfoundland. The
results of a petrochemical study of the Graup adjacent to

the ,ophiolite, including major, trace and rare earth

element analyses, are presented in'Chapter 6.

New ~‘Eﬁgb (zircon) dates for the Bay of Islands

Complex, Betts Cove Complex and Annieogsquotch Complex are .
presented in Cgapter 7. ‘These :;e discussed Iin relation to
stratigraphic relationshipé, previous age determinatibns
-and ages of other ophiolites.in the Appalachian~- Caledonian
Mountain Belt.

A discussion and synthests of khoqledge

Annieopsquotch Complex comprises Chapter 8, &

?

~7

1.2 SETTING OF OPHIOLITES WITHIN NEWFOUNDLAND

a Ophiolitic rocks of Newfoundland occur mainly 1in the
Humber and Dunnage tectono=- stratigraphic zones of Williams
(1978) and within these zones have strongly contrasting

relationships to surrounding rocks (Figure 1.1),




Figure 1,1, Tectonostratigraphic zones of the Newfoundland Appalachians,-
*after Kean (1983). Study area, shown as.ruled enclosure, is
shown in Figure 2.1 and discussed in Chapter 2.




1.2.1 Humber Zone

Ophio}itic rocks occur as large allochthonous "sheets

exposed as the uppermost slices of the Humber Arm and Hare

Bay Allochthons of west Newfoundland. Both the ﬁay of
Islands and St. Anthony Complexes have at their baseh}well
developed dynamothermal -~ aureoles (Malpas et al., 1973;

Malpas, 1979a; Williams and Smyth, 1973; Jamieson, 1982),

which are {interpreted to have formed during initial

displacement of the ophioiite ftém the oceanic realm and
before assembly of the allochthons. Beneath the aureale
:rocks, which are part of the ophio}ite slice, ;nd oceanic
sedimentary rocks of lower structural slices, are ‘soft’
thrust zoneé .occupied by melanges. These are interpreted
to have formed by disruption of sediments by the overriding
sl{ce and wmass wasting of the allochthons during their
westward transport and assemblyijtevens, 1570).

The ;ssemblea allochthons, after final emplacement on
thg continental .margin, were not affected by further
deformational events in the orogen (Willtams,1979).
Therefore features within the Bay of Islan&s and St,
Anthony Complexes are inferred to have formed ,in  the
oceanic realm or during emplacement 1in Ordovician time
CStevens,1970). ‘

No other ophiolite complexes occur in the Humber Zone
as {1t {8 now known (see discussion of foliated tonalite

+

terrane on page 20 and compare to Williams, 1979).




1.2.2 Dunnage" Zone

JIn the' Dunnége Zone of central Newfouqdland ophiolitic
rocks occur in abundance on.the Baie Verte Peninsula :and in
the Gander River Ultramafic Belt and as scattered fragments
across the Zone. Evidence of mafic and ult"ramafi:c
xenoliths in acidic iptrusion"s,-as well as gravity data
havé been taked to indicate that‘ the Zone {'s underlain 1n
great part by mafic crust and mantle lithoiogies.

The boéundaries of the Dunnage Zone 1in southwest
Newfoundland {‘vwere not clear previous to the rece.nt mapping
program. The lines bounding the Zone end {in central
Newfoundland on most maps (see ﬁilliams,“1978).‘ The recent
,recoghition of large' areas of ophlolitic rocks 1in 'southwest
A"JNewfoundland by Dunning and Herd (‘1980v) and Chorlton (1983)
indipates that the Dunnage Zon_e traverses the entire island:
and emerges as a belt at least fifty kilometres wide at

'_f‘-"?“Port"aux,Basqu:es. The oldest known non-ophiolitic plutonic

rock\s’ in this zone are of Ordovician age and cut the

/

o’phiolitid rocks (Dunning and Chorlton, 1983“). "They are

\.‘.s‘imilar to plutons 1‘n the Dunnage Zone exposed in the Notre

Dame Bay area but they are far more extensive in southwest
<

Newf oundland.

Sedimentary rocks of the Fleur de Lys Supergroup,

[4 . Add

exposed on the Bale Verte -Peninsqla', are placed in the

Humber Zone of Williams (1979). These are interpre'ted to
- . "—(

be «+ deformed remnants of the .c'ontinental rise prism that

1
mantled the anclent continental margin of North America

.
A

(Williams, 1978).In southwest Newfoundland however,
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sedimentary rocks probably-c'orrelative with t'he Fleur de
Lys Supergroup’ oc;cur' together with Ordovician ophilolitic
rocks asvinclusions in the Ordovician tonalt.te terrane.
Therefore, rocks c‘haracteristic of both the Humber and

Dunnage Zones, as defined in northern Newfoundland, occur

together in southwest Newfoundland. ° The unifying link

between rocks of. these two Zones 1s that they are intruded

and engmlfed by the Ordovictan foliated plutonic rocks.
Thus, as both the ophiolitic and foliated plutanic rocks

are of Ordovician age - and are each interpreted to hava

formed in the oceanic realm (Chorltdn,1983 and Chapter 2)

1Y

ary because the plutonic rocks have probable equivalents 1in
: ¢

the Notre Dame Bay area, this whole packager of rocks 1s

assigned to the Dunnage Zone .

-




CHAPTER 2  REGIONAL GEOLOGY

~ , N

2.1 INTRODUCTION

The geologf of the'a.rea described In this thesis has
been elucidated since 1977, .‘Th.e region is 'geﬁel‘ally 'remote'.
and inaccessible and 1its geology was, u.nti\l recently,
amongst the least known in Newf'o.u‘ndland.

Recent woi-qk‘ by Herd and Dunﬁ‘ing (1979), Dunning and
He;d (1980), Dunning t1981),.Duqning,Carter and Best (1982)
and Kean (1977,1983)  has révised' ‘much of the earlier
interpretation of - the area by Riley (1957) and Brown

(1975,1976). Th; new mappingl indic'at.-es that the'r'e is
continuity between the g'eblogy ofr the Not.re' Dame Bay region
and that of southwest Newfoundland. .

The two most significant modificat-ions to the
pre\;iously aécepted geol‘ogy of this .afea are: 1. the.
resognition that large area; of tonalite and granodiorite
{n southwest Newfoundland are of Ordovician ratherf_ixan
Ptecavmbrian age as previously thought (Brown, 1'9_‘75) and\;
2. that ophiolitic rocks included in the Annieopsquotch
ophiol;te belt and the Long ,Range ‘Mafic - Ultramafic
Comi)lex underlie a large area of southwest Newfoundland,
extending in a belt from near Buchans to Port at;x Basques

(Figure 2.1). .

Most of rthe regional mapping, cited above, . 18

published only {n government publications which have a

S \







iimited distribution. For this reason the geology is
v

reviewed 1in some detail in this chapter. This should

provide an overview of, the. setting of the ‘Annieopsquotch
Complex and. other ophiolitic  fragments in southwgst

Newfoundland.

g

2.2 PHYSIOGRAPHY AND ACCESS
-p

The region desctibed in this chapter is _part of the
Long Range Mountalns of southwest Neufoundland. Religf, to
a maximum of 300 metres, is pre;ent in the 'Anpieopsquotch
Mountains. Ihe country to the nﬁrthwes; of Lloyds River is
rugged hﬁd foresged and 1s cut by brooks and ponds., The
area west apd north of ,Cormacks Lake (Figure 2.1) is
predominantly barren rock ridges, glacial deposits and
bogs. The area south of the mountains i{s barren with many
shéllow ponds, rock ridges and isolated clumps of Eytucei

Route ﬁBO to Burgeo cfosses the Qtudy érea, passing
close to the ;outﬁwest end of the Annieopsquotch Mountainé.
fwo ponds 1in the moun;ains, informally named Dyke.Popd and
Loon Echo Pond are large enough _to accomodate floatplanes;

however most mapping was done from isolated camps supporred

by helicopter.




2.3 GENERAL STATEMENT

The area of study, the Annieopsquotch Mountatins,

parts of the Puddle Pond; King George IV Lake .and

Lake map areas (NTS 12A/5, 12A/4, 12A/6). Limited wmapping

N .

and samplfng was also carried out in the Star Lake map area
(l2a/11).,
The study areé and® surrounding region can be divided
i’
jnto four contrasting geologic terranes of pre-Ordovician
or Ordovician age. These are, frbm presumed oldest " to
youngeset: .

l. the Cormacks Lake Complex, a poly-deformed
.§equ?nce of v metasedimentary rocks and structurally
concordant granitoid pluﬁons of possible Precamﬁrian agel
metamérphosed to ampﬁibolité and granulite grade{

2. the Annieopsquotch Complex and gther ophiolitte
fragments of early Ordovician age; ' - ‘

,3. the Victoria Lake Grouﬁl a vpléanic— plutonic and
sedimeﬁtary rock §equencé of .early Ordbvicigu age and;

4, a foliated tonalite terrane of mid to . late

‘Ordovician age, composed of tonalite, trondhjemite, diorite -

and éranodiérite.

These terranes are separated by major faults but
linked by crosscutting 1intrusions of Ordovician age, and
are discussed in more detail lbelow. Several gabbro -
~diorite plutons of late Ordovician ége and granitic

plutons, of presumed Devonian age occur Iin the region, as
- '1:’\

-

do red terrestrial sedimentary rocks with interbedded

volcanic rocks of ‘Stlurian age. The relptionships of these

units to the Annleopsquotch Complex are discussed below.

ms
ictof::\\
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2.4 CORMACKS LAKE COMPLEX.

The C;rmacks Lake Complex (Herd and Dunning,l?79)
underlies a largé area north of the Lloyds River and
éur}ounding Cormacks Lake ané continJ}s to er west of the
area shown 1in Figure 2.1. 1t 1is comggsed of foliated
granite with structurally concordant layers of
rusty;weathering paragnelss and amphibolite. Localiy the
paragnelss contains quartzite and calcsilicate layers.
Hybrid gneiss generally occurs along contactas between
foli;ted granite‘and:paragneisg. The Complex has unaétgone
three pﬁéses of folding and fold_interference pattern; are
cémﬁon in outcrop. The second generation folds are open
with axes which strike; and plunge southeaéi? at near right
"angles to the regional northeast structural trend. Thése

folds definé'theioutcrop pa;;efn. 

Riley (}957) suggested that these rocks included
metamorphdsed volcanic and BsBedimentary rocks of Cambrian
and Ordovician ages. Hera and Dunning (1979) interpreted
éhe Conplex to be Grenvillian 1n~age. Howeyer, a similar
unlt to the soutﬁwest bas been interpreted to be of
Ordovician age (éhorltoé, 1983). . She sug;ested that some
horizogs ricﬁ in.garnet m;y represent petamorphosed Mn~ and
Fe- rich pelagic sediments felgted to the ophiolitic rocks.

The only age dgtermined for this Complex 1is a K/Ar

>

(hornblende) age of 360+/-25 Ma from amphibolite within the

sedimentary gequence (Steveds et al.,1982). Thig age. ‘may

represent uplift and cooling .after the granulite facies

11




metamorphism. A U/Pb (zircon) age determination 18 1in

progress at the Geoiogical Survey of Canada.

2.5 THE ANNIEOPSQUOTCH COMPLEX

\

The ﬁame Annieopsquotch Complex 1is proposed here for
the suite of ophiolitic rocks that underlies an area of 140
square kilometres of the Annieopsquotch. Mountains between
Lloyds Lake .ahd Victoria Lake (Figure 2.1, Map 1). The
Complex 15 <complete from ‘critical =zone’ llthologie;
(Malpas, . 1976), through gabbro and sheeted dykes to pillow
1ava.. The sequence of ophiolitic units’ faces and dips
southea;t.b . 4

sLayered olivine- ﬁiagioclase— clinopyroxene. cumulates
represent ‘the lowest part of the section preserved. These
a;e referred to the ‘critical zone’ of Malpas (1976) and
“occur 1in two areas, separated by “high-level’ gabbro.  They
are oriented at nearly.90 degrees to the ét;atigraphy s0
that the layering is néw vertical.
| “To the‘séutheast of the layered unit, up-sestion, 1is
the massive or ‘hightlevéli gabbro zone which 1s composed'
mainly of plagioclase-clinopyroxene gabbro with  local
hornblende-rich=varigzies. Small l;yered zones, pegmatitic
gabbro ﬂods and trondhjemite bodiés ;re common 1n this
zone.,

A sheeted dyke zone occurs to the southeast of the

gabbro zone. It - extends the .- full strike length of. the




ophiolite and contacts with both the gabbro and pillow
lavas are offset by faults cutting at high angles across

the stratigraphy (Mgp 1). These faults are interpreted as

seafloor features. The great ma jority of dykes are normal

midf ocean ridge basalt (N-type MORB). Some trondhjeﬁitic
dykes are present. ,\

Pillow 1ava‘f1rs£ appears as screens negr the top of.
the sheeted dyke -zone. Throughout-}he ;illow lava ibne‘
diabase dykes and sills‘are present. 5;1110ws are massive
and non-vesicular and pockets of pillow brécﬁia and
hyaloclastite are hlocally present, Red chert occurs
locally as inteépillpw material. The zoné 18 cut by
several major faults which are parallel ‘to that along
Victoria' Lake, and the pillow lava 1is reduced to chlorife
schist along these fault zones, '

The geology ¢f the Annleopsquotch Complex 18 discussed

in more detail in Chapter 3.

2.6 OTHER OPHIOLITIC FRAGMENTS

-

Ophiolitic fragments occur 1n a belt exteqding from
. near Buchans to the soﬁthwest'corner of the island kDunning
‘ané Herd, 1980, DQﬁning,}981, Chorlton,1982, Brown,1976).
They preaerve’part of thg ophiolite stratigraphy present in
the Bay of Iélands CompIg; (Figﬁre 2.2). Most fragments
1hc1ude ‘critical zone’ lithologies or ‘high-level’ gabbro

containing trondhjemite pods and cut by diabase dykes.
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Mantle lithologies occur 1in only two fragments, sheeted
)

dykes in two and pillow 1lava 1in only one. They are

diécussed, from north to south helow.

2.6.1 Star Lake Mag Area (NTS 12A/11)

Two large massifs with 200 metres of relief, 228 welk

&
.

as several smaller hills, at Shanadithit Brook are
underlain by ophiolitic rocks (Figure 2.1). Much of the
low <country in this area, not examined during this study,

may compfise ophiolitic rocks as-well. The northern massif

»

18 composed of sheeted dykes which Erend approximately

northwest-southeast. They are_{rom 0.5 to 3 metres 1in
width and some are st}bngly plaglioclase porphyritic. They
were not examined 1in deratl. The smaller hills are
composed mainly of gabﬁro ;s is ‘fhe large massif
1mmediatel§ north of Shanadithit Brook.

'The‘la;gest'ophiolitic fragment in the Star Lake map
area occurs as a 200 metre high, flat topped massif
immediately northeast of Star Lake. The ophiolitic rocks
extend under most of the east arm of the lake and aré well
‘exposed on {slands there. This -body 1s composed of cdarse
grained gabbro with a few small trondh jemite pods and cut
’ gy diabase dyke;.. S;veral 1£;egular areas of fine grained
diabase appear similar to those described from the
Anqieopsqpotch;ComplexAin Chapter 3. ) N '

At the wes{ side of the masaif>are fiLe lensoid areas
of ~ layered ;livine— plagioclase~ clinopyroxene cuﬁulate

rockﬁ, analogous to those of the critical zone of the




.
-Annieops&uotch Compiex. They strike northwest as do
igneous layers within tHem; ie. the B;me orientation as
thdse of the Annleopsquotch Complex. '

The 1slands and north shore of Star Lake are underlain

.

b? layered gabbro (Dunning, Carter and Best,1982),
irregular, areas of massive gabbrq ;uﬁ by .diabase, and
amphibolite. On one of the islands, gabbro cut by diabase
dykes 1s further fintruded by tonalitic dykes an 'veins.;
Nearby, oﬁ' the central north shore of Star Lake, tonalite

engulfs numergus amphibolite-fragments forming an agmatite.

The fragments are interpreted to be wmetamorphosed

N "

ophiolitic rocks. A small exposure of gabbroic rock {is
present on the northwest shore of Star Lake, -Its full size
is unknown as thereais an extensive bog- covered -area _to

the northwest.

Harzburgite outcrops in a small area, .exagerated fin

Figure 2.1, on the southwest shore of Lake of the Hills in

vthe'tonalite terrane near the contact with a younger

granité. . . .
Immediately_south of Star Lake and the east endc of

Lake of the Hills there is a large area of clinopyroxenite

and gabbro, with trondhjemite pods, cut by diabase dykes,

and forming several hills. Shear zdnes occur 1in the gabb:o‘

Qhere it is8 cut by a fault, intérpreted io be a sgplay of

. the Lloyds River Fault.

Gabbro ana a small amount of élinopyroxenite underlie

a hill 1in the southwest corner of the-map area about f

kilometres north of/ Pierre Pond (informal name). It

/4




appears tigt the two 1lithologles are interlayered on a

metre scale,

s

2.6.2 Puddle Pond Map Area (TS 12A/5)

-Thrée areas of critiéal zone lithology .eccur 1in the
northeast’ corner of the Puddle Pond map area (Figure 2.1).
Their outlines are drawn to enclose the minimum area - known
to be underlain by ;hese"rocks. "Outcrop 1s limited in this
area so 1t 1§ possible th&t more ophiolitic¢c rocks are
present ghan are shown., 1In :#ese fragments the predominant
lithologies are anorthosite, troctolite‘and olivine gabbro,
reflqttiﬁg  changes in the proportions of olivine,
plagioclaseﬂand clinopyroxene.

H;rzsurgite occurs with gabbro in the barrens south of
the Burgeo road. The harzburgité is foliated less strongly
~than that in the mantle section of the Bay of Islands
Complex and has 6ikocrysts of bronzite overgrowing olivine.
These oik%cr;sts weather in relief giving the outcrop a
knobbly appearénce (Dunning and Herd,1980) and 1in places

.

are aligned giving the appearance of Iayefing.

>
Gabbro, cut by diabase;dykeaﬁ outcrops on the shore of

Johns Brook Lake and in the high ground to the east where

1t 18 fatruded by an undeformed ‘granité (Figure 2,1).

Layered gabbro and clinopyroxenite occur in the barrens

south of the lake. These have been shown as a single large

-

body of gabbro (Herd and Dumning, 1979).

Previous maps (eg. Kean et al., 1981) show a large

>

- area of mafic rock isimediately north of Lloyds Lake that

1y
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has Dbeen correlated with that 1in the Annieopsquotch
Mountains. Large cliff faces on the northwest side of the
ridge northwest of Lloyds Lake are formed of mafle rock,
however 1t {8 not' known whether it s of ophtolitic
affinity or 1s related to younger gabbro 1intrusiens,
discussed below. For this reason the r%dge is not shown ;s
an ophiolitic fragment én Figure 2,1. Likewise, a ridge
with near vertical northwest facing cliffs, on the south
side of Lloyds River Fault northeast” of thé Annieopsquotch
Complex, is8 composed of gabbrq cut by diabase dykes.. It 1is
‘strongly sheared and bleached along the fault but
structures and texturés are locally recognizable. It could
well be ophiolitic, as suggested by Dunning (1981)% but
since gabbro sills and dykes are common in the adjacent non

- ophiolitic Victoria Lake Group this .gabbro 18 not

included as an ophiolitic fragment in Figure 2.1l.

2.6.3 King George IV Lake Map Area (l2A/4&4)

Southwest of the Annlieopsquotch Cohplex. a late

Ordovician d1intrusion, the Boogie ‘Lake Intrusion (informal -

name after Sterenberg, pers. comm., 1979), includes three

ophiolitic fragments.:. rom north to south they are;

coarse grained gabbro dykes, sheeted diabase

dykes and coarse grained gabbro. Sheeted dykes strike

northwest as théy ‘'do elsewhere 1n the Annieopsquotch
ophiolite belt (Dunning, 1981). The northern fragment of

gabbro 18 ‘exposed in roadcuts on the Burgeo road.

Southeast of King George IV Lake the second 1largest,

/
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fr:agment in the I'aelt occurs in‘f several fault i)c_)unde.d
blocks., They form a flat topped-’ nassif with steep
nort'hwest facing «cliffs with 200 metres of relief. The
blocks are #nternal];y undeformed and the sheeted dykes
'striﬁe noLZthwest and ha\(e many of the same features
‘described from the Annieopsquotch Complex below; Pillows
vare -0.5 to 1 metre in diameter, aphanitic, massive and the-
interstitial material is basalt, hyalociasf:ite.or minor red
chert. Kean (1983) suggested that the pillow iava sequence
top 1s to the west based on basal projections of pillows

but the author, having examined the sequence, is not

convinced.

2.6.4 Southwest Newfoundland

Ophiolitic fragments and amphi‘bolite wicth a presumed
ophiolitic protolith odcur over a considerable area of
southwest Newfoundland between the Long Range and Cape Ray.
Faults, They were assigned to the  Long Range
Hafic-Ultrfqnafic Complex by Brown (1975,1976) and Chorlton
(1982). hDe'tailed mapping in the Grandys Lal;e map .area (NTS -
.110/11) by Chorlton and- Dingwell (1981) and alotlg the Cape
Raty Fault by Wilton (1983) has shown that these fragments

are -ifntruded and some engulfed by a sulte of  tonalitic

rocks. They do not occur as thrust slices over the

tonalites as  described by Brown (1976). The general

relationship .between ophiolitig rocks and tohalitg- is
' ' s

therefore the same as that in the Annieopsquotch ophiglite

'belt. Chorlton and Dingwell (1981) have described part of




the ophi6litic- tonalitic terrane in the Grandys " Lake -map
drea as agmatiéic with nuherous variably sized blocks of
mafic rock, now mainly amphi%olite, ehgulfed 1in a _large
volume of tonalite, They modelled these tonalites as

partial melts of hydraced o_ceaﬁic crust. - A similar -origin

18  thought likely for the tonalites dintruding rocks of the

Annieopsquotch-ophiolite belt. \

.
2.7 FOLIATED TONALITE TERRANE

Foliated to massive tonalite, diorite, hornblende
gabbro, monzonite__ and granodiorite of wmid to late
ordovician and possibl)-r Silurian age underlie a large area
r.zorth of the Lloyds River and ;wtth and nor‘thea'st of the
Cormacks Lake Comple.x (Figure 2.1). K/Ar (hornblern;‘le "and
blocite) ages of 455+/~14Ma and 449+/-8Ma (Stevens et al.,
1982).ar: the oldest obtained from this terrane. These
'rocks are part of an extensive terrane of Lower Paleozolc
plutonic rocks, predominantly of intetme;iiate compésitio‘n,
that extends from Port aux Basques to Buchans and has

correlatives, as discontinuous units, northeast as far as

Notre Dame Bay.

The oldest rocks appear to be- strongly follated

biotite - and hornblende bearing tonalites which
., characteristically contain blue quartz in elongate <clots,

This wunit strikes northeast to north-northeast and 1is cut

b.y northeast trending faults, "The-tonalite contalins

{




inclusiong of harzburgite, troctolite- anorthosite,

clinopyroxenite and gabbro. Some gabbro inclusions have

rims of amphibolite or contain podé of trondhjemite. In’

the Star Lake map area the clinopyroxenite and some oi; -the
gabbro .bodies are surrounded and intruded at their margins
by tonalite (Dunning, Cartér and Best,1982), The preferred
model for the development of this terrane 1involves
extensive partial melting of hydrated oceanic crust that
had be'en imbricated on é!f;ust faults in mid Ordovician time
(Dunning, and Chorlton, 1983). At rhe present level of
exposure a series of coalescing tonalitic plutons intrude
the higher ophiolfitic sheets. Lotally an agmatite of
blocks of -amphibolite 1in tonalite ‘is pvresenc, although
metasedimentary inclusions predominate in somé areas ‘of
tonalite. It has been suggested that the latter may be
Fleur de Lys equivalents (Herd,1978) aince,.in the region
north of Southwest Brook, metasedimentary 1lithologies
comparable ‘to ti\ose mapped by Kennedy/'(1982) occur .as

inclusions in the early foliaged tonalites.

2.8 POST-TONALITE INTRUSIONS ’ \
/\/ , ' i //
*  The e;arly follated tonalitgs are cut by intrusions of
various compositions 1ncludin‘g/ hornblende diorite, biotite
diorite, hornblende gabbro and norite. These are massive

to weakly foliated, generally rounded -in outline and 1l to

~ e

10 'kilometres in diameter (Figure 2.1).
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The Boogle Lake  Intrusion occurs between the
Annieopsquotch Complex and the King George”’IV Lake
ophiolite fragment and includes three large ophiolitic
fragments, two " of gabbro an&)one of sheeted dykes. It
intrudes voldanic rocks pof the V1Ct°§3y/’:;ke Group in
outcrops along th; Burgeo Road. While it is elongwte
parallel to the regional trend, it 1s not penetratively
deformed. ’The 1ntru§ion has differentiates of hornblende
diorite and bilotite wmonzonite; the latger contains
molybdenite mineralization. PFeliminary U/Pb (zircag).ﬂata
indicate a late OrdOQician age for this intrusion.

The-Southwest Brook Diorite 1is a gmall body, near
circular 1n odtline (Figure 2,1). It 1s coarse graine&,
well jointed and blocky, gnd considerabl& less deformed

than the surrounding tonalites. Herd (personal

communication, 1981) considers this 4intrusion to. be an

‘inclusion 1n the tonalite, bUC\}Bﬁiii? it 1is less deformed

than the - tonalite the pPesent writer' feels that it
postdates the tonalite. U/Pb (zircon) age determinations
for both units are underway to resolve the debate.

The westernmost gabbroic body>shown in Figure 2.1; the

Main Gut Intrusion (Carew,1979), has . an uncertain

ug;elationship to surrounding units. It apparently cuts the

" tonalite at the west edge of the Puddle Pond map area and
is juxtaposed with anorthosite across the Long ange-Cabot
Fault. The intrusion 1s complex and may cons}siaof two

_bodies: 1. tholeiitic gabbro to diorite with dlabase

dykes and 2. an oxide-rich nofite unit with local, well

22
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developed, cumulate layering. The rocks are - rgmarkably
fresh an& undeformed. Preliminary U/Pb (zlrcon) data
indicates a late Ordoviciaq age for thig intrusion.

The Anﬁieopsquotch Complex 1s cut by a small {intrusion
of diorite at 1ts northeastern ., end (Figure 2.1). The
outline of this diorite is 1inferred, in parec, fr;m the
aeromagnetic map (GSC>map 250G) on which {t 1is marked by a

-series of concentric posit}ve anomalies. Its true size 1{s
unknoﬁn; rafts of pillow lava were noted within the area
outlined and possibly only the top of the int;usion 1s
exposed. The ag ‘of the body 18 unknown but {t 1s here

H
tentatively torre€Tated with the other mafic intrusions

., described above. <

2.9 GRANITIC INTRUSIONS

Granitic intrusions, weakly foliated to massive and,

coarse grained, occur throughout the région (Figure 2.1).
They postdate the ophiolitic rocks, tonalite and mafic
intrusions. One granite 4intrusfion cuts the pillow lava
~zbne of the Annieopsquatchx Compiex (Figure 2.1); Asg
exposed 1in . the area of Canoce Scrape Lake ({nformal nanme,
Map 1) 1t is coarse graine&, equigranular, locally biotite--
or ‘hornblende- ’rich granite to gramnodiorite. It forms an
intrusion breccia along its northwest margin incorporating
. blocks of finme grginéd.mafig roék, some now amphibolite,

and 1s cut by faults along 1its southeast cohtaét. These
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-faults also disrupt the red terrestrial sedimentafy rocks

described below, so thelr latest mo‘fment 1s certainly post

- v

early Silurian and may be Carboniferous 1in age. The

¥
' -

granite 1s presumed to ;f of Devonian age.

2,10 TERRESTRIAL SEDIMENTARY ROCKS

Red clastic =sedimentary ‘rocks with interbedded
rhyolite and mingr basalt thcrop around the soucﬁwest end
of the Annieopsquotch Mountains and in na;rﬁg fault bounded
slive}s oﬁ the southeast ;iope of the mountainszabove
Victoria Lake. (Deérace,1974; Dunning and Herd, 1980;
Chandier,v 1982). .Airhyolite dyke 10 metres wide, relaied
to the sequence, cuts the Boogile Lake Intrusion at station
1D025 (Map. 2, .Chapter 5)., The sedimentary rocks extend
Bouthwest across the King CeorgelIV Lake ma§ area_ (Figure
2.1) and- ;ré correlated with the Windsor Point Group of
-3 ’ o

southwest Newfoundland by Kean (1983).

Riley (1957) mapped the sedimentary rocks Taround King

‘George IV Lake as Devonian, based on lithologlc similarity

to known Devonian rocks of the Windsor Point Group 1In
southwest Newfoundland. DeGrace (1974) described the
sequence exposed in a small area adjacent to King Georgé Iv

Lake and concluded that - they were Carboniferous,
o e

correlating them with those at Red Indian Lake. With new

-

exposures, 1in roadcuts along.the Burgeo foad, Dunpning and

Herd (1980) compared the sequence to the’ Springdale and

>

B




Botwood Groups and concluded that it too was of Silurfah

age, Chandler (1982) noted however that the Silurian age

of the latter groups "rests ‘upon slender evidence Fossil | .

4

spores in the Windsor Polnt Group 1in southwest Newfoundland
date those roqks as early Devonian (Emsian according to
W.R. Forbes in Chorlton, 1983). A Rb/Sr whole rnck age of
377+/-21Ma for a felsicb'ignimbrite interbedded with the
Windsor . Point sedimentary rockn confirms this
interptetation (Wilton, 1983) )

‘ A recent U/Pb (zircon) age determination of 431+/-5Ma
for thél Bear Pond rhyolite, a flow within'the sedimentary
sequence near the Annieopsqnotch Mountains (sample <81D280,
Map 2), demonstrates that these sediments are of early
Silurian ~age (Chandler nnd anning,l983). They are
therefore.not correlative nitn the Windsor Point Grqup, but
rather are about 50Ma older. Grey, fossil bearing Devonian
arglllitess which unconformably overlie the red sedimentary
rocks and granite'near King Georée IV Lake (Chanaler,1982;
Kean, 1983) are, _howevér,- likely Windéor Point Croun
equivalents. ‘ A- - : |

A vell » exposed uncnnformity between ) basal

donglomeratic beds "of the sedimentary sequence and sheeted

dykes of the. Annieopsquotch Complex occurs at the southwest-

end of the mountains (Figure 2.1). Two outliers of red
conglomerate occur on the ophioliée and a sub-unconformity

weathering of ophiolitic rocks along fractures 1s present

i

in'a valley td the northeast of the present outcrop area of .

the sedimentary rocks, suggesting that they once covered
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more of the.opﬂiqlite.

Locail& the basal conglomerate is composed'of greater
than eighty %ercenf'g;bbto and diabase cobbles. These sho;
imbiication indicating transport towards the present high
ground of the ophiolite. _This relationship led Cﬁgndler
(1982) to conclude that the méiq source of these sediments
was to the south and that uplift of the mountains occurred
after early Silurian time.v This is in agreement with the
uplift history determiﬁedA_by 'éhorlton (1983) for the

-Gtanayé Lake mab area,

Best (1982) studied the provenance of sandstohes_.in
this ‘sequence and found a clo;e relationship between.theif
mineralegy and the neafest basement rocks. The ophiolife,
the Baogie Lake Intrusion, gtano&iorite or felsic volcanic
rocks contqiﬁuted the majority of detritus to the nearesg
sandstdne, outcrops. , In contrast, the uncddformably

overlyiﬁg grey arglllites contain abundant defritns'ffom a

! _gianitic source 'and southwest of King‘Gebrge.iV'Lbke they

vaerlie a" éranite which ' has a 'regolithic_ cover
(Chandlet,l982)f ‘
Chandler'(l98f)v1ntefppetea coﬁglometates in the: red
sediméncary seq&ence to be of alluvial 'fan or braide&
" fluvial oriéin and fine;clastié rocks to. be depésiiérdf the
'braided "regime or flgsh floods. ﬁe suggested an arid
environment based on the presence of,6 calcite cement in the

clastic sedimentary rocks and the occurrence of limestone

at King George-*IV Lake.
. ' b
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“2.11 STRUCTURE

The contrasting terranes discussed above have

.

different structural histories .and it is not clear when

they wTFe first juxtaposed. All the terranes are‘separated'
'

by major faults for which the movement histories are poorly

known., Two of éhese; the Lloyds River and Victoria .Lake

Faults (Figure . 2,1) are major structures that may extend
the entire breadth of Newfoundland. .

“ The Victoria Lake Fault was interpreted by Webb (1969)

and Kean (1953) to be an extension. through central
. Newfoundland of thel Cape .Ray Faulg of southwest
Newfoundland. Webb suggested that it emerge& in Notre Dameﬁ
. Bay as the Reach Fault. The Victoria Laie Fault in' Ehe‘
.Qtudy area ig 1nterpr;tgéito_underlie the southwest arm of
the lake aqd‘fguits aiong the north sboré of the - lake ar;
";htetptEQed‘tﬁ be felatéq to l#; It curves to the east and
underlies the east arm of Victoria Lake. It likely is ‘the
northward continuation of the  Cape | Ray Fault
i(Chori;on;IQS}) but its ‘p&sition " to the: noréheast>”o§
Vtctoria’Lakélis‘qﬁite uncertain. |

‘The Lloyds River F;ulc ts marked by the presence of
myloniteé; in the’;iver:vailey‘southwést of_the'Burgeo road
bridge (R.K.Herd,'ﬁéts.l c&ﬁﬁ.;f980f;v$y-she§red;gabbro in
cliffs southéast of the gloyds River and by the pronounced
tépograpﬁic lingamen; running along-the northweéﬁ ,edge of

the Annfeopsquotch Mountains. This fault juxtaposes the

Annieopsquotch Complex with the foliated plutonic terrane.

iz,

-
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1t ma; bé that'both of these faults were important
structurés in Ordovician _time but-this cannot be proven
with the evideﬁcé currentl} available. An undated ‘éragite
cutting the ophiolite and the Silurian sedimentary rogks
are b;th affected by movements on the Victoria Lake ‘Fault,
or sﬁlays off it, but no younger formations aré present
which «could be wused {o establish an upper 1limit on

.

_movement. The granite and sedimentary rocks were probably

.disrupted--by normal faulting and tilting of blocks on
o ) X v

structures steepened Iin post- early Ordovician time.

- Several large faults cut the tonalites west of the

Lloyds River Fault. Their history is unihown; they now

dip steeply and some haQerfoliated to mylonitic taonalite
along them, Cﬁérlton (1983) suggested that faults that cut
both the tonalite and ophiBlitic fragments in the . Grandys

Lake map area‘ originated as thrust faults in Ordovician

time. A similar origin is possible for some of the faults

cutting tonalite west .of the Lloyds River in thé Puddle

[

Pond map area.

The sequence of strhptural deformation of each of the
terranes, based on the limited data avail#ble, is thought
to be: Cormacks Lake‘Complex, early Ordovicianv oﬁhfolitic

rocks, Ordovician foliated tonalite terrane ‘and early

[
)

. . . 4 .

Silurian sedimentary rocks. Such a sequence mighf‘also be
. . | .

thought gf as pre~. lapetus, lapetus and post- Iapetus

-

structures., Apart from the structure of the Victoria Lake

. Group (discussed in Chapter 6), structural deyelopment‘of

these terranes is discussed below.

{.)
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,2.11.1 Cormacks Laké Complex
The Cormacks Laké Complex, 1interpreted to _be the

v

oldest gnit in the region, §§pears to be a largé block
surtound;d by tqhalites. It has undergone three phases of
folding. Early 1isoclines (FJ) ;re recognizable as detached
fold noses and some complete 1soélipes wiapped around open
F2 structures.l Tybe 1 and 3 interference pat;etﬁé (Ramsay,
1967) occur in the southwéét corner of the Complex (Kean,
1983). The F2 folds, -which are responsible for the ﬁap
pattern (Herd and Dunning,1979) are open 4soclines. - They
have ampliéudes and wavelengths of £ tb 5 km, Their axial
planes strike and plunge soﬁ;heast. Thé third generation

folds in  the Cdmgﬁex are minor <crenulations on F2

structures.

-

" Folds, if present, are difficult to recognize 1in

yéunger units adjacent to the Cormacks Lake Complex. It

P
> 3

seems likely that all fold phases in the Complex predaté

the generation - of TIapetus  ocean' crust ‘and foliated

.

tonalite, although this is not proven. Lack of .marker

units in the tonalites may preclude the recognition of

folds 1in general. - ’

A northwest trending foliation predominates 1in the
Cormacks Lake Complex and 1is generally parallel to.fold
axes 1in the paragneisses. It is related to the second

u

generation folds (Herd and Dunning,1979).

.




24i1.2 Ophiolitic Rocks . .

Folds occur in layered cumulates of the critical =zone
of the Anniéoasquotch Complex and af&q‘in the Star Lake
fragment., They are intrawla}ering s££;¢tgres '1nterpretqd
as syn-magmatik, sluﬁp features, No foldQAhgre 6bsgrved

that are 1nterpteted to represent deformation in the solid

state.

The Annleopsquotch Complex appears to have behaved as

a rigid block ddring the'eagly to mid Ordoviclan Taconic.
-event which formed the regionall northéést trending
structures in southwest Newfoundland. The excepﬁion‘to
this 1s the southeast part of Lhe pillow 1avé zone which is.
cut by faults (Map 1, Figure 2.1). Mafic.volcahics are
-reduced to Fhlorite‘schist wita~a steep northeast trending
folifation adjacent to these faults.' Thip.relationship is

well demonstrated in outerops on the radges, northwest . of

4 v

Vicgoria Lake. With the exception of these fgulcg, and
assoclated foliation, all structures 1in - the éomplex are
interpreted to Tes&lt f;om 'deformatipn in ‘;he oceanic
' rﬁ?lm} Thex,ire thergfore unreélated to struqthtes idfothef
units described in this section. | \

High temperature shear zones near tﬂe base of the
gaSPté zone of the ;phiolite-contafn amphibolite with a
. northeast treﬁding foliat{on. The foliation is at a * high
angle to the shear zone in adjacent gabbro., Relict ;oarse
plagioclase grains and gaLbro rafts in the ~amphibolite
indicate ;haﬁ it had a coarse grained'gabbro'protolith.

Gabbro 1s also féliated parallel to faults which offset the

Y
\




stratigraphy.

Foliated margins of, diabase -dykes are common
: s .

throughout the ophiolite and appear to be related to minor

-

movements along dyke margins dufing their emplacement as

liquids and subsequently in the solid state while hot.,
o qus ,

-
’

. 2.11.3 Foliated Tonalite Terrane

The predominant structure in thils terrane 1is a

\

nortﬁeaét trenaing foliation. In some of the late tonalite.

and diorite bodies in this terrane the fabric 1is either
poorly 'developed or absent, indicating that plutonisn

outlaéged deformation., A northwest.trendingr foliation 1is

B

present in quartz diorite in the valley of Little Baracholis

Brook (Herd and Dunning,1979)'where it appears to postdate

the northeast structural trend. However 1t s poorly
developed generally and the northeast trend prédominates.

Late Ordovician gabbro-diorite intrusions are locally
foliated at their margins and along shear'zpnes but are
otherwise massive, as are crosscutting granite plutons of
presumed Devonilian age.
=

2.11.4 Terrestrial Sedimentar} Rocks

N

Silurian terrestrial sedimedtary and assoclated

. . - %
volcanic rocks are undeformed except for shear zones alodong

" faults.. Fault bounded blqﬁks‘of sandstone and siltstone

‘

caught uﬁ?ﬁin the pillowilangzone of the Annieopsquotch

Complex and Victoria Lake Group (kean,l983 and Figure 2.1)

"have a steep northeastr striking foliation along their
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.
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margins but preserve undeformed sedimentary structures

internally, AR
. X .

.

2.12 SUMMARY AND CONCLUSIONS

L]

A strongly deformed sequence 6f meta- sedimentary and
meta- igneéﬁs rocks, the Cormacks Lake éomplex, locally of
granulite facies, occurs in a large fault bounded block
west of the Lloyds River Fault. These rocks have been
interpreted as possible Prec;mprian basement but Chorlton
(1982) 1n2§?§rets similar high grade meta-sedimentary rocks
in southwest Newfoundland to be of Ordovician age.

.The rock; of oldest proven age 1n the region- are
ophiolitic frag&énts of- early Ordovician .age that are

distributed over a wide area of southwest Newfoundland.

e

L3

Tonalites underlie. a large area northwest of the
c ; > .

Lloyds River and, with assoclated diorite and granodiorite,
comprise an Ordovician batholithic terrane that extends

from near Buchans to Port aux Basques. These rocks clearly

intrude the Annieopsquotch Complex and oﬁhiolitic fragments

at Star Lake and Lake of the Hills and are interpreted as
: 2

partial melts of imbricated and partially subducted oceanic

crust, It {is suggested that F{eur de Lys ;ediments were
involved 1in the melﬁing (Dunning and Chorlton,1983).

The tonalites and ophiolftic fragments are intruded. by
. - N .

H .
massive, undeformed mafic 1intrusions of apparent late

<

Ordovician age. They are 5 to 10 km. 1in diameter and are

A
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composed of hornblende gabb{o, " hornblende diorite,

I}

granodiorit.e and monzonite.

Early Silurian terrestrial clastic\—jaedimentary rocks
with bimodal basalt-rhyolite provide evidence for rifting
and the formation of small fault bounded basfns.

Granitic ir{trusions, of unknown age (but presumed , to
be Devoriian in this work), cut ophiolitic rocks and‘
tonalite post-tectonically..

> .
The region described above was poorly known until the

,recer{t mappirﬁ[ program began in 1977 (Hérd_, 1‘978).. It was
‘{nterpreted to be a Precambrian tonalitic ﬁaseinent terrane
cut by Paleozolc intrusions (Wi“lli.ams,1978)vby analogy with
the area to the southwest} mapped byx Brown (1975, 1976).
Riley (1957) had previously described the area as a
Paleozoic plutonic terrane and 1t was shown as.such on the
geolo)gical\ map of Newfoundland (Williéﬁ:.s,1967). ~ This
earlier view is close!"l to the current interpreAtatioh.
Recent work shows that the regilon 1s" a Pale'aozolo
terrane that contvains ophiolitic roéks characteristic of
the ‘Dunna.ge Zone’ (Williams,1979) and meta-sedimentary
rocks simflar to those ) o‘f the Fléur de Lys _S‘upergroup,
which are 1ncluaed in the Humber Zone on the Bafe Verte
Peninsula. Hmliéver, an extensive area 18 underlain by
tonalitic rocks that are poorly developed or simply not
exposed . or récognized 1n. northern Newfoundland. There are
‘some likely correlatives to the north, for examplé; the

tonalite gnelss at the west end of Grand Lake, interpreted

to be of Grenvillian age by Kennedy (1982) but in fact very




similar to the southwest Newfoundland tonalites, the Hungry

Mountain Complex, near Buchans (Thurlow, 1981), the

" Burlington Granodiorite (Hibbard, in press; Epstein,1983)

and parts of the South Lake Igneous Complex .‘(Lorenz and
Fountain, 1982). Other small bodies of tonalite énd
ttondhj‘el-nite e;t;aosed ‘in the Dunn-a'ge Zone in Notre Dame Bay,
such as the Twi‘llingate “trondhjemite, might also be
correlatives. Thveifrue‘extent of this plutgnic‘ terrane
might be »rcla),ealed ' by\\\ 'fuerther ‘examination' and

re-interpretation of parts of the Dunnage Zone.
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CHAP;ER 3 GEOLOGY OF THE ANNIEOPSQUOTCH COMPLEX S

“~ . ¢

N

: 3.k INTRODUCTION

The Annieopsquotch Complex (informal nam;e), which
underlies the Annfeopsquotch Mountains of l'southwe.st
Ne‘;f;ur;diland, 1s a well exposed ophio-lite‘ which. contains
most of the st-ra'tigrap‘hic units of the sequence defi.fled by ’
the Penrose Conference (1972). No ultramafic rocks
analogous. to_ _the mantle tect‘onite _of“ other 6phiolite

' - - /7 .
complexes have been foudd in the Annieopsquotch Hountfins.
./ '

-

3.1.1 Contact Relationships
- The Complex is fault bounded, to the northwest by the
Lloyds Rivéer Fault and to the southeast by the Victoria

Lake Fault (Map 1, Figure ' '3.1). The hisﬁory of movement on

—f

these faults 18 p/oofrly known, especlally for the Lloyds

River Fault.
" There is no field evidence. that the Annteopsquotch
" Complex {s bounded by a basal thrust fault. The structural,

-‘basie of the ophifolite is not seen ‘and the best exposed

relationship - to other' Ordovician -rocks, that with S

granodiorite ' of tf\e' fbliate‘d t'ona'lite >ien.'ém-=_ at tﬁe

sout:‘llw_est end of the ﬁouﬁtains; 13 an intrusive contact. B
.To th.e northeast, the poorly exposed contact beéween

the Annieopsquotch Complex' and the Victoria Lake Group is

interpreted to have been a thrust fault (now steep due to







post Ordovician movemént ),wit the wvolcanic sequence
4

structurally above the ophiolite."

The granodiorite at the southwest end of the Complex

" (unit 8) and the ophiolite 1itself are unconformably

overlain by eafly Si{lurian terrestrial sedimentary. rocks

)

1

(ﬁnit ld). Becguie of this cover‘énd the presence of the
cross- cutting Boogie Lake Intrusion (unit - 9,
relationsh;ps between the Annieopsquotch Complex and other

ophiolitic fragments to the south are uncertain. THowever;

it 1s reasonable. to assumﬁ-that the ophiblitic fragments

bare correlative with the Complex and that the Boogie - Lake

Intrusion cuts them 15%‘ . -

A granite of presumed Devonian age, underlying a chain -

~of lakes (Map 1, Figure 3.1, unit 12), cuts the plllow lava

z6ne along a major fault,
Stratigraphicyunits of the Annieopsquotch Complex face
and dip southeast but cthe dip cannot be ‘accurately

determinéd as no certain ‘péleo-horizontal surfaces are

.
t

present.. It is suggested that the dip of the]major
contacts 1s approximately 50 to 70 degrees. The  map

pattern therefore is approximately a cross section through

the stratigraphic units of an ophiolite (Figu}e J.1).

3.1.2 Emplacement
Its present topographic expressfion suggests that the
ophiolfte 1is a thrust slice but paleocurrent evidence from

the terrestrial sedimentary rocks that unconformably

overlie vthe-pphiolite (Ctiandler,1982) suggests that uplift

Y




of the mountaias 18 a post early Silurian event., It 1is
suggested that Thev Annieopsquotch Complex is part of an
ailochthoﬁods"Taconic' slice but-1it is also & horst block
l;plif‘ted' after emplacement of the allochthon. This

suggestion will be developed in Chapter 8.

3;1.3 Stratigraphic'Units

' The oph}olite has’'been .divided into six map units (Map
‘1, Figure 3.1). Tﬁese are, from northwest to,eoutﬁeast
(base to top 5: 1. the ‘critical =zone’, composed of
o11vine-plagioclase-clfnopyraxene bearing rocks which are

locally well layered; 2. ‘high level’ <gabbro, which s

LY §

heterogeneous, generally coarse graineﬂ,~ contains
pegmatitic pods and 1s cut by ° diabase dykes; 3.
trondh jemite, as pods and 1intrusion breccia; 4, a

transitioﬁ zone in which the proportion of dykes within
gabbro rapidly increases upwards; S. a sheeted dyke zone
in which diabase dykes strike northwest and; 6. a pillow
lava zone, {in which b;saltid pillows, minor hyaloclastite
and red chert occur, cut by diabase Aykes and 31115. These
units constitute ;; ophiolit; 'pseudostratigraphy’ because
'ybunéér gabbfos may underlie old dykes‘and lavas. However,
thzoughout this thesis the term:'stratigraphy"will be used

for the sake of simplicity. Assuming that the zones dip

fifty degrees southeast, the thickneasés are approximately‘

2.3 km for the gabbro zone and 1.5 km for each of the

-sheeted dyke zone and pillow lava zone.
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3.2 THE CRITICAL ZONE

The term "criticaI~_7bﬁe; as used in thi; thesis
follows ~the usage of Ingerson (1935) and others and refers
to tse‘zoné defined by Malpas (19765Ifor the Bay of Islands
'Compiex. It c%mprises a sequence of olivine, plagioclase

T and Elinopyrﬁxene cumulates at the ﬁase of* the gabbroi;
plutonic section. The main‘difference from the upper paft

[ A
. of the gabbro section is the abundance of olivine- rich
focks, including ultraﬁafic cumulatés, which exhibit ﬁell
i developed layering. They were interpreted;by MaLpasl(1976)
to represent -the‘base of the oceanic crust, He suggested

that the top of the critical zone répresents the ‘seismic
. MOHO’ and- a {?jor density contrast. A more significant
‘petrologic break occuYrs at the base of the g¢ritical =zone .

~
separating cumulates above from tectonized harzburgite

below. i ' g sl

3.2.1 Distribution.and Contacts . , T
-Roéka of the critical zone outcfop in ;wo areas along
the ‘northwest edge -of the Annieo#squotch’éamplex (Map 1,
Figﬁre 3.1, unit 1). These may represent the basal parts
e - . and walls of two discrete Intrusions or .be remnants of a
ioncé cont{nuous unit. The southwest block appeafs iio be . 1
Boundeq to the southwest by a fault,,1;terpreteq to be a
: .seafléor fea;ure, wﬂich cuts across the stratigraphy af va
high angle. The bloék 1s intgmded b} coﬁr;e,gréined gabb?o

.

to the northeast and by a few diabdsé dykes ‘throuéhouﬁ.

The southeast contact appears to be intrasiye with - ‘high




level’ gabbro cdtting across .steeply —dipping, north

striking layerea rocks.

- The northeast block of «critical’ zone rocks is
'surrouhded by rocks typical of the ‘high level’ gabbro zone
and 1t 1s suggested that the latter lntruded énd engulfed
tﬂe ‘block. It 18 possible that the block was tilted or
rogated first along a high angle fault and then intrgded by
gabbro.

Minor faults cross the critical =zone obiiquely and _-
appear to be spiays off the 1afge faults which offset the
stratigraphy of thg ophiolite. One of these wminor fauits
is 1ntruaed by undeformed coarse grained gabﬁro indicating
that this fauit, and probably mqst; formed an the oceanic
realm. |

Two sil1ll- like bodies of troctolite and olivine gabbro
which appear fo cut ‘high level’ gabﬁro (Map 1, Figure-3.l)

~are Iincluded in thg discussion of the critical zone because

of thelir lithologic similarity,

3.2.2 Magmatic-Sedimentary Structures _

Olivine- plaéioclase- clinopyroxene cumulates and
metacumulates, locally we11=iayered, form the ma jordty of
the critical zone fMa;II, unit lA). The layers strike 160
‘to 200 degrées in Soth blocks and are steeply dipping,
similar to dyke trends in the sheeted dyke zone. Primary
igneous structures, thought to be indicative of a magmatic-

sedimentary origin (Jackson,1967; Irvine,1970 and many

others) are .present in some parts of the critical zone.




These include botﬁ isomadal and modally graded 1ayérs of
Irvine’s. (1982) termimwology. Isomodal layering involves
the presence 'or absence of a mineral phase from iayer to
iayer and resu;ts in ;he sequence anorthos&te— géﬁbro
(clinopyroxene 1n)L or gabbro- troctolite (olivine in).
- Both thése sequences are . present ~in the Annieopsquotcﬂ
Complex.

Hodally graded layering is common in the critical zone

(Figure 3.2). It involves a thange in the proporfion of

two minerals such .as plagieclase and clinopyroxene to give

rocks ranging in composition from anorthosite (less than

102 clinopyroxene) through gabbro (near equal proporiions

-

of the two, minerals) to clinoﬁyroxenite (éreater than 90Z

clinopyroxene). Modally graded layering, involving ch#nges
in the f?oportion of olivine in ol;vine gabﬁfos, although
common 1s difficult to recognize 1in most cases as it
involves relatively small changes 1in the cqlour of the
rock. V

Well developed layering is discontinuous, passing over

short distances into massive "olivine . gabbro, which may

represent thick isomodal layers. As a result it has proven

~

impossibleé to map out the shape of the intrusion(s) by

using attitudes of‘layéring.- It 1s the}efore uncertain 1I1f

"rocks within the critical zone , other than those obviously

N

'layered, are orlented at a
. [

" high angle to the ophiolite
stratigraphy.

‘Trough layering occurs rarely} the best exampie

(Figure 3.3) occurs {in layered o}ivine gabbros. 1t is

.










about two metres across and one half metre deep and layers
. ) .
within the trOugh, which vary in their olivine content,

copform'to the contours 6f the structure. i

Angular discordances between sets "of 1igneous layers
‘occur locally in the critical zone.  In one example, in the
soufhwest block, gabbro with trondhjemite seams is

’trunCatew. by olivine gabbro layers (Figure 3.4), The
‘present: writer interpret; this structuré'to be a result of
magmatic‘ .processes, it could 'be a result of high
tempgygture shéar. . The .texture of the gabbro was not
rexamined in détaii: | |

A ‘dropped block’ occurs 1in thick " isomodally layered
olivine gabbro in the southwest block of the critical zoﬁe
.(Figur; 3.5). 1£ is composed of fine gr;ined mafic rock of
unknown affinity. .

Folds occur rarely in the «critical zone. The best
example (Figure 3.6) is in dlivine gabbro and troctolite of
§he soutthst block.' It éccurs within a layered. éequence
a;d has confgrmable layers -above and below. The rocks are’
quite fresh and contain‘subhédfal olivine and ©plagloclase
grains. I;v 1s interpreted that the fold 1s the résult of
siumping of semi- consolidatedllayera from the wall of a

. :
" magma ‘chamber.

These structures, though, are not well -developed i

the zone and the majority of the rock s coarse gralned,

fairly massive olivine gabbro. Some of this gabbro ‘might

repregsent thick isomodal layers.










. 3.2.3" Troctolite Sills

Y

The sill-like body at the southwest end of , the

Annlieopsquoech Complex 1is compased of troctolite which has
. .

‘ minor variations in its wmafic mineral content., The rocks
are very fresh and contain olivine, plagioclase,
clinopyroxene and rare scattered chromite grains, The

contact between the grey—broﬁn weathering ktroctolite and
grey—.gteen weathefing olivine gabbro to the southeas; is
.sharp "but there 18 no evidence of a chilled margin or even
a minor decrease in grain size. The body 18 estimated to
be about a hundred metres thick but it may be the basal

5

part of a magma chamber that includes the overlying olivine

gabbros.

A small body of troctolite and olivine gabbro,

\ v oriented northwest~southeast, occurs south of the southwest

. \ ' grid Oof Lloyds Lake. It forms a ridge wh?.ch is separated by
\ a fdreéted cl1ff from the surrounding gabbros. 1t appears
\\ , to be} connected to an olivine-porphyritic diabase &}ke 1atv
\ its north end and 1s surrounded by trondh jemite-bearing

gabbroic rocks. The contact rela'tionships of -thé body are
enigmatic but 1t:i_s most likely a sili intrusive Lnto'the
\ gabbros. . The olivine gaBbro 18 fresh gnd',' in 8some zones
. . v which ﬁaay be layers, contains bright gr'eén chromian

. N .
- diopside olkocrysts up to 5 cm long.

\“ 3.2.4 Metamorphism R
\ The layered rocks throughout the northeast block of

the critical zone are recrystallized and layer contacts are




not as sharp as those in the southwest block. Plagioclase
rich layers are brighﬁ yhite on the weathered surfaces due
tt')//formation of albite and are clea\'red locally. While the
general composition and structure of _the 1layers is
preserved, large pyroxene olkocrysts (or polrphyroblasts)
now overprint layer contacts locally..lhThe layers are also
crosscut by rare gabbro or clinopyroxenite dykes and common
raised amphibole bearing veiniets (Figuter3.7).

It 1s this northeast ‘block of the critical 2one that
is dntruded by high- level gabbro and it is suggj%ted that

the heat from this intrusion, 1in addition to the generally

high geothermal gradient characteristic of a spreading

3

: ’
ridge environment, was the cause of the metamorphism.

3.2.5 Equigranular Rocks

Large areas of the southwest block of the <¢ritical
zone consist of olivine gabbro in which layering cannot _be
readily discer;'ed. Within these areas occur d{rregular
masses of fine grained equigranular mafic rock (Map 1, unit
I1B). These rocks grade, by increase 1n grainw size and
textural heteroger;eity, into coarse grained gabbro. This
change takes place over a distance‘ of one to ten metres.

The equigranular rock 18 cut by raised 0.1 to 1.0 cm wide

green amphilbole bearing crisscrossing veinlets (Figure

3.8).

-
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3.2.6 Interpretation and Discussion

The ecritical zone lithologles of the Ba): of Islands
Complex (Malpas,1976) and othér ophiolites have gener.al,ly
been interpreted to be the base of the oceanfic crust. ’

The °xs‘equence has been -déscrirbed as a cumulate one
involving crystallization ofi various proportions of
olivine, éhromite, clir‘lopyroxene and plagioclas;_,
commencing crystallization in that order. . f‘/
The nature of the crystallization mechanism 1is a

matter of discussiony whether due ‘to crystal settling and

distribution by currents 1in a magma chamber (cf.

Irvine,1970; Jackson,vl967) or by crystallization at the _.

walls of a magma chamber due to element, concentration
gradients and depletion in the ad Jacent magma (McBirney and
Noyes,1979)., However, both viewpoints are. based on the

assumpti‘on that the layering presentﬁ a- primary feature

of magmatic processes.

Casey andswKarson (1981) proposed a magma chamber model

for No.rthj Arm Mountain Q,f the Bay of Islands"'éompléx in
which the_-cdmulate units formeﬂdrﬁwith their layering stéeply
inclined, vertical or overhanging by a process 'éimil‘rar to
that put forward by McBirney and Noyes (1979). |

. It has been generally asaumed‘ by most workers that
layering 1n° the «critical zone preserves the original
feature:s of magmatic crystallizati.on (Smewing,1981).
However, this idea 1s- challenged"by Calon and Malpas (perg.
comm.,lba3) as a cesult’r of their work on Table Mountain and

North Arm Mountain in the Bay of Islands. Layering in the
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critical zone is i?odliha}ly fqldgd on a. large scaie and
the texture of wmany of the rdckg 1s mylonitic. This
. r
. suggesﬁs to them that the <erftical zone has undergon?
sigpificant deformation and Calon (pers. comm.,1983)
suggests that this ocecurred primafily as a result of *
.diffetential movehent (underthrusting) at the 'mantie :
crust boundary. The layering ’ Ehé;efore might 56; be a . o
primary 1gneous featﬁrg but rather a result of metamorphlﬁ; s
segregation, al;héugﬂ it might be gnly a modification éf‘ o
primary = olivine- rich and plagio}iase- tich cumulate
layering. ‘ » B . ‘ | .
While metamorphic teitutes and folds are° present 1in
’ the <c¢ritical zoqé on North ,Atm ‘Hountain, .textures\in
- ) laxeted cumulates in other ophiolites such as the Kar oy

Complex of Norway (Pedergén, 1982), the Oman ophioIYfte

(Smewing, 1981) and the Annieopsquotch Complex (Dunning and

< Herd, 1980 and this work) ‘are compafable to those described
| from large stréFiforq.intrusions. - .

In the Annieopsquotch Complex only a small ‘area of . }

critical '~ zone iayered vrocks is presént and, because no

ulErémafic layers of dunite or peridotite are present, it

is ‘suggested that only the upper levels of thé cr[ticql
zonc.afe ;fese;ved.' _ | - _ . - ’ ’ o A
. If the suggestiqn is cortectv that fhe deformation
‘structu;esgiﬁresent on North Arm Mountain are a result of
mantle Qnderthrusting relative to the oceanic “erust it
would s;;m' réasonab}e to sBuppose that these effeéts would

be less significant with Increasing height in the ecritical
' ‘ v, : . A

. ' ’ . : P




zone,

It is suggested that such a gradient exists and that
this 18 the reason that relgcively undeformed cumulate
structures and textures are preserved near the top of the

critical zone in the Annieopsquotch Complex ,and other

, §
ophiolites. The recrystallized foliated <cumulates 1likely
show the effects of the mantle : crust interaction.

It 18 interpreted ‘that many metamorphic effects

observed . are due to heating by the underlying wmanrcle and

o~

adjacent ‘high level’ gabbro. The texture of the
N

equigranular rocks ., that of a hornfels and it 1is

\
suggested that these 1irregular  areas, with gradational
boundaries with enclosing gabbro, represent dehydrafed

mafic rocks metamorphosed by the encloaigg>gabbro. It 18
likely that.they represent elther large blocké engulfed by
the gabbro intrusion or parts of the Iintrusion that
solidified first and were then dehydrated and metamorph;sed
at P-T conditions of the lower part éf the ‘oceaniQ' crust.
The mineral assemblage, with co-éxistgng equaﬁt
clinopyroxene and orthopyroxene, indicates that conditions
typlcal 6f the granulite facies ﬁere achieved. Pyroxene

equilibration temperatures of approximately 1000 degrees C

are recorded in these focks (Chapter 4).




3.3 GABBRO ZONE
“»
323.1 Distribution and Contacts ’
. The gabbgoAzohe occurs along the northwest edge of the
mou;tains v(ﬁap l, Figu;e'3.1,'un1t 2) and gabbro occurs as

screens in the transition ‘zone and sheeted dyke zone.

.
.

.Gabbro comprises the largest area of the ophiolite and 1its
upper contact with the'transition zone or sheeted dyke zone

is at diffeteﬁ; posiﬁions along tﬁé length of the
ophiglite.  Th1s appears~t; be due primérily to offsets
7ial¢ng northwest striking faults (Flgure 3.1), however it is’

iikély that different lntrusions originaiiy _extended to
d;ffeféq; heights in the crust. .

Féults cutéipg:the gabbro zone do not extend beyond
tﬁe ophiolite and Eﬁéréfore are thought to predate 1its
emplacement -and the generatioh of the Ordovician tonalites
to Lthe northwest (Chapter 2). The faults éanqot bé traced
with certainty through the sheeted dyke zone in some cases,
This could be due to emﬁlacement of diabase dykes along
these faults or simply bgcause little deformat{on resulted

froﬁ movement along them. The fault at Loon Echo Pond

(Figure.3.l) 18 intruded by.an undeformed medium gfained

trondh jemite which .forms an 4intrusiom breccia including

blocks of gabbro and diabase. This  trondhjemite "is
chemically related to the ophiolite so it 15 iﬁte;preted

; L '
that the fault and intrusion are geafloor features.
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\}}3:2 Components of the Gabbro Zone

-

The gabbro is predominantly coarse grained and
equigranular, composed of near equal proportions of
plagioclase and clinopyroxene, or their alteratton

products, and is Gcorrelated with E&if‘high level’ gabbro

described from other ophiolite complexes. Many varieties’
of this gabbro occur along thé length of the Annieops;uotch .////i
-Complex.and some likely repreéént discrete intrusions. The
_gabbros are te}t;rally.heterogeneous. Near the base'of.the
zone, at the northwest edge éf the mountains;_huch of the
gabbro has a penetrative foliatlon.l It strikes roughly
north to n;rtheast and is steeply:dipping. This foliation,
which can be extréméiy ptqnouﬁced, is defined in gutcrﬁp by
an alignment of mafic minerals ”(Figurg 3.9). The mafic
mineral {s almost entirely secbndary émphibole. Areas of
foliated gabbro occut’thrOughéutdthe gabbro zone. waevér,
muchv_of the gabbro, though wvariable 1n>grain slze and
~mineral proportions, is not nﬁticeabiy foiiated.

There are zones of amphibolite‘as well as shear zones
near -the basge of" the-éaﬁbto zone. Layering also occurs
iocélly and pegmati;ic pods andj tto6dhjéhite pods ”;re
present at or near the top of the éabbFo zone. . The gabbro.

: sheeted dyke zone conftact is variable along the lengtﬂ
of the ophiolite and reflects sevetalhdifferent pfocéssgs .

that occur at that level. These features of the gabbro’

zone are discussed 1in more detail 1in the following

sections.

’







-3.3.3 Igneous Layering

Modal . layering, involving changes 1in .the proportion of
plagfioclase and clinopyroxene (Irvine,1982) J;curg locally
in the basal_part of the gabbro zone,. It 18 discontinuous,
being well Aevelo;ed iﬁ. éeqUEncgs _up to several metres
thick (Figure 3.10) whicﬁ oniy éxtend ten.té twenty metres
along strike before term;nating'qr piﬁching out into coarse
gréinéd gabbro.

The layers are steeply dipping 1in most cases and
st}ike at a high angle to the zonal contacts, ‘The layers
i
are curved 1in some examples suggesting that they may
represent trough structures, "If thelr near vertical
orientation with respect to‘the ophiolite stratigraphy is

primary, these layered sequences may repréq;nt sides of

magma chambers where minerals crystallized or were plated'

on the walls (cf. McBirney and Noyes,1979).

In some examplés 'modall;' layered sequence§ “contain
concordant pegmatitic layers which are undeformed.‘ These
indicate that; l.the layering was not formed or modified
by deformation, 2. the la&era formed by crystallizatioﬁ
ffom a liquid and 3., the style or raterf crystallization
changed during formation of the layers (Figure 3,11),

Rare folds involving isomodal plagioclase-
ciinopyfoxene la'yers, with parallel conco;dant layers above
and below, are interpreted as syn-magmatic aluﬁp‘ features,
Figure,3.12 éhows such a fold from theAStar Lake obhioiiéic

fragment, -

Gabbro in these small layered wunits 1is . generally
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v
medium grained and homogeneous relative to the surrounding
unlayered gabbro. The layered units have not been found in
close spatial assoclation with pegmatitic pods as was
reportéd from the Karmoy Coﬁplex by Pedersen (1982),
Récrystallizafion of some areas of layered rocks has
resqlged in a coarsening of the grain size with resultant
loss of fine fextures although the . general layered
¥

z, .
structure 1is _preserved. Large white weathering feldspar

patches overgrow layer contacts 1in some cases.

3.3.4 Amphibolite and Shear Zones
Amphibolite underlies a ridge at the northwest edge of
the mountains, The follation strikes northeast, parallel

a

to the ophiolite stratigraphy and is steeply dipping. The

- amphibolite 18 composed of hornblende and plagioclase and

contalns coarse ragged plagioclase gralns. The margins of
the amphibolite appear to grade 1into foliated, then
massive, gabbro and the amphibolite 1s ‘1ntetp;eted to
repregsent a high- temperature shear zone. It 1is suggested
that-the amphibolite had a gabbro protolith and that the
¥ééged plagioclase grains are relict primary grains, .
Shear zones occur locally throughout the
Annieopsquotch‘ Comblex. Some are parallel to the faults
thgt crosscut the stratigraphy while others até nearl&
parallel fo the stratigraphy, In the gabbro zone, most
sheared rocks are composed of amphibolé and plaglioclase,

with epldote, chlorite and albite as less important phases,

The amphibole present is either of the actinolite~tremolite
4 . . . .
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series or 18 hornblende. The presence of hornblende in an
equiiibrium texture with plagioclase 1s taken to indicate
£he existence of amphibo1ite faclies P-T conditions during
férmaeion of some- of these zones. Amphibolite bearing
shear zones are less than one metre to several metres thick
and grade into fdliated gabbro with a follation oblique tq
the sﬁear zone. i

Shear zones, centimetres wto 0.5 metre thick, are
ubiquitous 1in the "gabbro zone and have widely varying
orientations (Figure 3.13). Some diverge from the margins
of ecrosscutting diabase dykes,~many of which havg follated
margiﬁs. Same pegmatitic podé are sheared and crystals
lwithin broken or bent.

3.3.5 Pegmatitic Gabbro Pods

Diffuse or sharply bounded patches of very coarse

~grdined to pegmatitic gabbro or hornblende gabbro, locally.

grading to hornblende trond£jemite occur}irtqg;larly in the
gabbro zgne. Almost all ;f these pods occur 1in the
southeast part (stratigraphic top) of Ehe zone. They vary
from small (less than one metre) pods that are only

slightly coarser than the enclosing gabbro to pegmatitic

patches of 1rregular shape, three or more metres across

which have zones within them with differing textures ™ and

compositions, In one pod, crystals up to twenty-five

centimetres in lenhth occur, many arranged at right angles

to the edge of the pod suggesting that they grew out from

the wall into a pool of magma (Figure 3.14).

v
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Some of the pegmatitic gabbro contains more magnetite

than the encl_psi'ng rocks indicating that'the pod was likely .

a trapped pool o.f magma which differentiated " further t_han

- : Ehe surrounding gabbro. An increase in the volatille

content of the residual magma likely peramitted the -grr.orvth "

of the coarse crystals and the high £02agpuld stabilize th.e
crystallization of mag‘etite.
¢ . K4

The fact that trondhjemite occurs as the central part

] : :

.  of _some of the pods indicates that they are the last

differentiation product of the" gabbroic magma chaﬁber.
" e

N " Most of the pegmatitic pods do not occur at the top of

-

the gabbro zone but at lAeast'te_n‘etre‘s or more below the

top. This suggests that the uppérmost gabbroic rocks

comprise a ro;f assvemblage which forﬁed‘by underplating of

the .tlop <'>f the magna‘chambe-r. :,In' ‘some cases,: where a fault
. . &

','A 'c'(;‘nta.ct, occurs b'et(_\:een the gabbro and sheeted dyke zones

‘,,A' . | '-(f‘ig.urev 3.1), it"is not clear 1if thaE‘;@s the original ' top

of - the gabbro zone of 1f part - ha been removed Dby

thrusting. L]

T 3.3.6 Trondh jemite Bodies- te
: r

Small felsic bodies‘o'ctcur locally near the top of the
gab.br§ zone (Map 1, wunit 3)., It is estimated that t,h'ey . h
co;prise nb: more than or;e to téo per'cen’t" of the gabbro
zone, 'Tli-ey are “conposed of g'r'eatery‘than_ ninety percent
plagioclase vlth“,quar_tz, hornblende, chlorite and biotite o
as nmajor i')lhasesl. Epidote, ‘ai)ati.te. <sphene.'.z~tcon a,nd‘

prehnite commonly occur na,acvceasory minerals. © ’ /




With the exception of this small qmount of

trondhjemite(, occuring in the c\ores of pegunatitic gabbr‘o
pods most trondhjemite formé\ ‘the matrix of 1intrusion
breccia‘a that contain blocks of both ga‘bbr\o and diabase,
;ome partially digested (Figure 3.15). . The, tton'dhjemit-e
occupiela' about .fifteen to tﬁenty ptla.‘rcepnt of t.he volune ‘of
the breccia as 21 ‘network of frregular dy-kes and L)ods. -'Some
dykes are rooted {in the pods and extend -a4short distance

.

into the host gabbro or ovetiying sheeted dyke zoné (Figure.
.3.,16). Epidote rich V,assehvl;lgges occur along 'fractt;res ;nd'
~some léuge.epidosite Aplatchea are locally‘m;l'esent.

Two 'trondhjemite bodies, k‘ one 1in the core of a
pegm;‘titic gabbro pod and the oéher a modgra,tely epidqrized
1ntrusion"breccia at-‘Loon Echo Pond, yielded zfircou for the
.hgeochro.nolo‘gic' study reported in Chapter 7. The intrusion
‘breccia 1s slightly older ln-dicat-lng that it is not l;elated
to thé younger Epli.ated tonalite suite exposed northwest of.
the,Annl-eops'quotch Complex.

‘

The chemistry of the trondhjemitic rocks is discussed

in Chapter 5.

3.3.7 Gabbro = Sheeted Dyke Zone Contact

4

3.3.7.1 Fleld Descriptions
In the southwest part of the Al’inieopsquotch Complex,
~the gabbrp and sheeted dyke ' zones are separated by a

transition zone which ‘displays a somewhat regular 1increase

in the percentage of diabase dyke's " from northwest to

/







soufhéast across the zone. This zone is discussed in _.the

next section.
4

In-the northeast part of the Complex, the gabbt§ and
sheegéd dyke_ zones are juxtaposed across a fairly sharp
contact that locally is mapped as a fault but elséwhere
éppeérs to be conformable. Where coﬂfqrmable,'thertop of
the gabbro zone {s texturally heterogeneﬁusiand containg a

wide varlety of gabbroc and diabase, This ‘part of the

R
gabbro zone 1is best exposed and was examined 1in the most

detail between Dyke Pond and Loon Echo Pond.

Thé most striking feature of the top of the gabbro

-

zone " is tﬁé .strvcfural a;d textural heterogeneity.
Ir;egula; patches,‘u; to several metres wide, of fine
grained diabase occur with nebulous,/gradational or loca!lf
chilleq contacts with the coarse grained gabbro. . Diabase
also fills fractures‘and occurs as irregular dykes in fﬁe
same area. Many b;ocks, small lithic fragments as well as
individﬂal crystals of plagioclase and clinopyroxene occur
in the pockets of digbase'(Figure 3.17) and tﬁ;y appear
identical to gabbro forming the wa;lg of the pocket. In

fact, in three dime;sions, some ‘blocks’ might well be

connected to form a sort of sponge textured host for the

dlabase. Some of +these patches are 80 charged with

~

crystals and liﬁhic fragments that they can Be mistaken for
the host gabbro itself. However, clos; examination reveals
th;t -the material betﬁeen coarse grains and fragments is
fine grained diabase, not coarse grained gabbro.

Some  aphanitic diabase dykes, which have <chilled
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margins ‘above thése pockets, grade into the fine grained
diabase within the pocket;. In one 1location, a' patch of
diabase chafg;d with small lithic fragments and crystals
passes upwards ipnto an irregular dyke, full of fragments,

which has chilled margins.

i
)

Pegmatitic pods, described in section 3.3.5, occur 1in
this top part of the gabbro zone and add further to the -

textural variabilicy.

3.3.7.2 Discussion and Interpretation
The top of the gabﬁrb zZone appears to represent a part
of the magma chamber, or chambers, whgre com#lex

1oteractions have occurred between solid rock, magma and

.

crystal mwmushes.” It 1is the ared in which stoped blocks,

from the overlying roof assemblage rocks and sheeted dykes,

would be expected to occur and it is the area where late

stage differentlates; the wmost evolved magmas would
‘solidify. It 1s also the zone where dyke numbers increase

rapidly so 1t is likely the source for most of the sheeted

dyke zone although the magma that fed most of the dykes is

not preserved in this zone.

The irregular patches of diabase. with gradationai
coﬁtacts Qith the enclosing gabbro are interpreted to be
quenched pools of basaltic liqu}d in thé root zone for ‘some
of the diabase dykes of the sheeted dyke zone. They
presumably represenf late liq@id which fed only A few of

the late dykes of the sheeted dyke zone. Similar irregular

patches of diabase occur 1in the Star Lake ophiolitic’

s




fragment.,

-Assimilation of blocks i1s difficult to prove in this

zone as 1t 1s so texturally heterogeneous. Water derived
from assimifhted hydrated mafic crust may be respoﬁsible

for the genkration of pegmatitic pods.

3.4 TRANSITION ZONE : ¥

3.4.1 Introduction

Few_de;ailed descriptions exist of the transitiod zone

which separates the gabbro and sheeted dyke zon
L . /"‘.. N N

ophiolite 6omp}cxeé. ‘ﬁfd recent -papers have described 't

rooting of dilabase dykes .in gabbro in the Oman ophiolite

(Rothery,1983) and the complexity present in this zone on

North Arm Mountain, Bay of . Islaunds Complek'

(koseﬁcraﬁtz,l983). In both these ophiolites one type of
transition observed 15 a dqwnward deéreq§e ia the gumber of
dykes, which are seen to merge , with gabsro at different
"depths over a ma#imum depth ;angg of abouglgvd hundred

metres. Elsewhere, on North Arm Mountain, thé transition

occurs abruptly with all'dikes,grading into gabbfo over a

zone tens of metres thick and in some locations gébbro cuts

the . base of the sheeted dykes and gonﬁains'xenqlithg of

diabagg\(Rosencrantz,l§83).

.

All these relationships, and others, are seen within
the ‘Annieopsquotch . Complex where one has the advahtage of
B Y

exposure of a cross section through the zone.
» . - .
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3.4.2 Disfributioq and Contacts.

The contact between the top 'of the gabbro zone and the

A

base of the sheeted djke zone 1s variable'along the length
of the ophiolite. 1In places. where . gabbro s juxtaposed
with «close to one hundred percent sheeted dykes across a

linear topographic featﬁre, it is shown as faulted (Map 1

’
Figure. *3.1). However, 1little or no éhearing‘is observed

along the line markéd.

i

“1n the central part of the mountains, the change from
the gabbro to sheeted dyke zone 1is gradational over

hundreds of metres. Only this area has been mapped -as the

‘irpnaitdbn zone  (Map 1, Figure 3.1, unit 4). Within ;his

zone.there 1s ;‘gradual'increase in.the~percentage of dykes

from northwedt to southeast and the limits of the zone have

.

‘been QrbitrarilyAsgt at twéniy‘ five and seventy- five

percent’ 'diabéser fdy}ﬁs in gébﬁrd. This corresponds,
7__Lthh1y; to the D1 unit of' Rothery (1983) which he defined
- . - . kY .

as thirty to sevent& pe;EenE dykea;between gabbro seams.

- .

3.4.3 Fleld Deacrfﬁtionsi . .

Gabbro in the trdnsition‘z?ﬁe 1s Qpprqq grained ‘and

heterogeneous . composed- of  .vary{ng ‘propértions of
plagioclésé .to: ¢linopyroxene  (and - thelit alteration
broducts). At one locality,:magnetité rich’coarse grained

gabbro oceurs as skreens between -dykes withih~_thé sheeted

dyke zone. . This variety of 1yon‘fich“fabbto.1s not*seen 4n
the, transitién zone to the sotthwest.
Many dykes in the ttanp}tién zone are several  metres

L.
v




70

%idg. with coarse grained cores and chilléd margins. Where.
the gradation to a chilled margin is not"observed due to.
lack of exposure, it 1s not possible in many c;ses to
distinguish between gabbro hést and Adyke iaterlal;
. . Eyidenée, in"the form- of blocks of diabase in gabbro,
suggests that the gabb:o intrudes dykes as well as dykes
intrudiné g;ﬁ£ro in thi; <zone; .This is similar to the

relationship between the gabbfo and sheeted dyke zones on

.

North Arm Mountain as observed by Rosencrantz (1983). '

3.4.4 Discussion

'The transition zone differs from other areas along the

gabbro zone @ “éheeqed dyke zane éon;act, described above,
by the gradual 1ncrea§e in- the number of . diabase dykes

across the zone. While , in places, the contact between

.the zones may be sharp ‘due to tectonic omission 1in others

1t appears fto be a primary feature. A slmflarly sharp
boundary was noted in, 6 the Bay of ‘Islands Complex by

.

Rasencrantz (1983).
The-difference between a ~gradual increase 1n dyke
abundance . in one area and a sharp increase elsewhere might

3

be related to posi;ionxrelﬁtive to the wunderlying magma

chamber(s). Possibly, above thé centre of the magma h
chamber the magma pocket «closely approaches the éheeqed

dyke boundary ' but around the sides dykes penetrate a

“thicker crystalline gabbréip wall of the magma chamber to -

7

reach the shéeted dyﬁe zone. This féhture may be of use in

delineating magma chambers.,




3.5 THE SHEETED DYKE ZONE

3.5.,1 Introduction %-:‘
Recognition of a sheeted dyke zone has been the key to

the 1dentification of nady mafiF- ultrgmafic complexes as
ophiolites and thusltd_t;eir in%efﬁretation as fraghents of
oceanic crust, Th? zone, characterized . by hundreds to
ihougands of spraralleiE mutually intrusive dlabaéq'dykes,

1s the most distinctive of the ophiélite stratigraphy

(Pentose conference participants, 1972).
- "" .

The recognition of the signifiéance<of the dyke zone

R -» .
in terms of sea floor spreading, ile; that {t represents

one hﬁndred percent exfénsion gnd likely‘ formed by
fntrusion processes at an oéeaqic spreading axis has c;me
fairiy receptiy (Moores and Vine; 1971) .,

Néwfoundland ophliolites bﬁ Bay of Islands tMaipasl
1976; ° .Rosencrantz, 1983), Betts Cove (Upadhyay, 1973) and
Lushes Bight (SFrong, 1973) have well ’dgye;oped sheeted
dyke zonég,.althopgh that' at Betts Cove has been.truﬂcated
or locally femoved by th}usting. Several of the fragments
iﬂ the An&ieopsquétch ophibiite beltr preserve'areas of
sheéted dykes ahd the Annieops&ubtéh Complex itself has a
lafge, well exposed sheeted dyke =zone that extends the
length of the mountains. As it:is exposed, in cross section
it 1s possible to observe variations through the zone,
including both 1its lower and upper boundaries which are

transitional into the gabbro (discussed above) and pillow

lava zones.

t
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3.5.2 Disiribution and Contacts

The sheeted dyke zone forms the central part of the
Annieopsquotch Complex. ' it 1s broken into seQeral blqcks
by fanl;s which crosscut the ophiolite straﬁigraphy, as ;s

the gabbro zqné (Map 1, Figu:e 3.1, unit 5), However, as

alil dykes trend roughlyvnorthwest and are steeply dipﬁing
. .

(Map 1), approximately parallel to the-faults, it has not

been possible to trace all.the faults through the sheeted

dyke zone. -

The nofghwesc contact of the zone 18 shown as defined
.wﬁete In areas of good exposure or appfoximate where 1in
areas of -poor' exposure. In QOﬂm_areas‘ there 18 a sharp
-contact between coarse grained“gabbrg to the northwest and
qne'ﬁundred percent sheeted dykes to the sgoutheast of a
topographicu lineament. In guéh areas ; faulted contact is
. Inferred, however there 1is 1little shearing along this
liﬁeament 50 it. '15 thought to be of only local
significance, , The contact changes from a fahlted to an
apparently wunfaulted pne‘ between the gabbro and sheeted
dyke zones, north of Loon Echq Pond.

'In ghe southwest part of the ophiolite, an especially
wgll exposed - area, gradational contacts occur between the
gabbro zone,‘,transifion .zone and ;heeted dyke zone,
Ho ever, north of ‘Dyke fond, a fault marked by a northeast-

striking topographic lineament separates the gabbro and

sheeted dyke zqgnes.

~

The southeast ©boundary of the sheeted dyke zone

(stratigraphic top) 1is placed at the first appearance of

-
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pillow lava écreens_betw;en:dykes, even 1f they comprise
iess thaﬁ ten percent by volume. In géneral the sheeted
dyke zone is'approximately two to three kilometres wide 1n
plan view although }at Dyke Pond the' first appearance of

screens of pillow lava 1s on’ the south;;hore of the pond

and the sheeied dyke zone is only 1.2 km wide there, it is

of a similar width in the southwest biock og the zone,

:The shéeted dyke zone is cut by two inﬁrusions; 1.
the‘hornbleAde diorite to granmodiorite at the northeast end
of the mountains‘(Hap I, unit 9) and, 2. a lobe of the
granite which cuts th; pillow lava zone at-the. southeast
side of the ophiolite (Map 1, Figure 3,1, wunit 12). The
outline of the diorite }ntrusion 1s defined oh Lts eastern
side b; distribution of lithologles in outcrop and on the
north and _west sides by a pattern of concentric strong
positive aeromagnetic anomalies (GSC Map 250G). = The age
of nelither intrgsion is .known. However, the-hornblende
diorite is thought to be relatgd to the Boogle Lake
Intrusion (see Chapter 2) of 1ate-0rdovician age and the
granite {s thogght to be of Devonian age; both

.

are thus'thought to significantly postdate formation of the
A

Annleopsquotch Complex.
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"3.5.3 Fleld Description of Diabase Dykes

3.5.3.1 Orientation . ' '
- ™

Dykes in the sheeted dyke =zone havé a preferred
northwest strike vafying' from approximately 330 to 200
degrees and dip from 60 degrees northeast to the ~ same

southwest, The preferred orientation 1s clearly shown on

the stereonets of Figure 3.18 where poles to sheeted dykes

are shown for each of the fault-  bounded blocks labelled A

« ]

to E in Figure 3.1. On ‘each stereonet the poles define a
broad gpoint maximum indicating that the dykes strike
. PR - 9

northwest to north- northwest, This orientation 1is the

séame as that of gsheeted dykes in ophiolitic fragments at

King George IV Lake, Shanadithit Brook and those which}‘x

occur as Inclusions in the Boogie Lake Intrusion., The
possible  significance of this consistent sheeted dyke

orientation is discussed in Chapter 8.

3.5.3.2 Continuity of Dykes

Some dykes.can be traced one 'hundred metfes ;or moré
along strike but many cannot. This 18 due to several
changes that occur along strike.such as; 1. pinchiﬁg out
of a dyke, -2. of fset along menor faults, 3. sharp high

angle turns along fractures or Joints and 4. bifurcation

to form two or more smaller dykes. This last feature
/ .

always indicates that the- topping direction ;is'ﬂto the
-

o

southeast, In most cases it is not possible to trace out

dykes simply because of gaps iIn exposure between areas of

4
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Figure 3.

18. Stereonets (Schmidt equal area, lower

hemisphere) for diabase dykes of the sheeted dyke zone. A

to E show
shown {n
brackets.,
ophiolite

poles to dykes for each fault - bounded block
Figure 3.1, Number of measurements is shown in
F shows orientation of 13 faults which cut rthe
stratigraphy at a high angle. ’
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‘-outcrop of sheeted dykes of identical appearance.

o

3.‘5.3.3-Chillir.1g Directions

The proportion of <chilled margins facing in one
direction 'over the other in a sheeted dyke zone has been
taken by Kidd and Cann (1974), Kidd (1977) and Rosencrantz
' (.1983) to in‘dicate the directibn to the paleo-spreading

centre of an ophiolite. - The fdea behind this was that Some

dykes intruding at the spreading centre were thought to

~

split the preéeding dyke down the centre, displacing each)

S
half with 1its chilled wmargin to its respective s~1d’e" of the

ridge.‘ Repeated many times, a segment of crust on one side
. of the ridge would have a. majofity of chilled margiins
" facing au.ay from t‘hat ridge.

The assumptions m.e;de in this model are; 1. that the
zone of dy¥Xe intrusion is sufficiently narrow so th{at,some'
‘dykes spli‘t earlier ones, 2. that each dykc'e 1s chilled
again‘st those {it intrudes, 3. that dykes which have
chiiled margins missing, split by intrusion of later dykes,
are ‘ha_lf' ghe width or‘f the ‘original‘ dyke and that no split
-dykes were originally wider than the wi‘dest ' complete. dyke
observed, 4, that dykes are measured over a sufficiently

3
long sectfon to give statistical credence to the results

. N .
and, - S. that i1f dyke one = way chilling directions are
consistent over the breadth of an ophiolite complex, it
formed at a spreading ridge rather than as a dyke swarm

assodclated with a discrete volcanic centre or some other

feature. In addition, for the calculations, Kidd (1977)
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assumes dykes less ,thén 0.2 m wide to be veins

apothesis and does not consider them.

In the Anniebpsquotch Complex, assumptlion 3 1is not

valid because, in many outcrops, numerous late dykes wltH
two cpilled,margins cut earlier far wider dykeé' (Figﬁre
3.19).

In the Annieopsquotch Complex, with excellent
exposures of the sheeted dyke zone, the chill directions .
were noted for huqdreds of dykeé exposed on two topdgraphié

ridges. Each ridge 1is "approximately one kilometre in

length and trends roughly “parallel ,to the stratigraphy
4

(right aggles to the sfrike of the dykes)., No preferred

direction of one way chilled margins was. noted. Where a

o~
.

chilled 2frgin occurs facing one direction the opposite

chilled margin can in most cases be identified on the other

/

.81de of one or two complete'younger dykes. While the older
dyke has been splic, apart by younger ones all slices of the

.
0ld. dyke are 1in close proximity., Of course, while these

younger dykes were being emplaced the spreading centre was

at that point. Many such split dykes occur along the

length of the sheeted dyke zone. They “indicate that the
locus of dyke intrusion jumped from one spot to another, -

probably over a wide zone. While there 1likely is an

overall younging in one direction across the twenty Km.
long “sheeted dyke zone of the Annieopsquotch Complex, this

‘was not proven. conclusively . by the geochronologic study

(Chapter 7).

~

No quantitative analysis of chilling directions’' was
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undertaken {in thisg study.

* 3.5.3.4 Variation in Dykes Across the Zone . .
. : Tge majority of dykes in the _éheeted dyke zoné\ are
composed  of 'th01;11tic diabase of N- type MORB affinity
(see Chap;er 5). Moset are.o;é half to three * metres in
width, hoyéver, there 1is a c;ude system;ttciv;riatio; in
thenwidth of dykes from northwest to southeast (bdse'vto
top) acro;s the zone, . - , |

’ Néar the base of t%t zone dykés are one to ten metfes~
wide. They - vary in hgrain size from aphaniticfto medium
grained, froﬁ the margin to core of Véhe. &ykg. in. sﬁme
dykgs the margin 1s only fine - grained, rather than
aphanitic as is usual h#gﬁer in the . zone; ‘The, coréq of“

these' dykes are locally as coarse grained as the gabbro 1in
the gabbro zone so that some areas are diffihult to

interpret unless there is continuous outcrop from the core

to chilled margin of ‘a dyke. '

Through most of the sheéted’ dyke zone.-'dykeg have
) N :

aphanitic .chilled margins and fine grainedjcores (Figure
. Y

3f21)' Haﬁy chilled margins weather {n,relief‘aS‘they are
more resistant than tﬁe bulk éf the dyké. 6rtﬁogbnal sets
bf cooling fractures a}e clearly evident 1in many ‘chilled
margins, oriénted at ne;r rigﬁt angles to the wal}.of tﬁe

dyke., These margins are medium green on Ehév weathered

‘surface, which 1s usually about one centimetre thick, and

dark green on the fresh surface. The weathered surface of

LY

diabase dykes varles from black green or grey greem to







medium green. A few dykes have a brown green; surface
) o .

(Figure 3.21).

-

The colour ;n-the éresh surtace varies with
.grgin“size,‘being hiack green for aph;nitic saﬁples and»
progressively, lighter Qithfinc}easing grain size.

At the top of éhe ;heeted dyke zoné the diabaae dykés
are 'narrower, tﬁefefére more numérqus per unit area, and
are finer grained (Figure 3.20). This 1s because of
bifurcation of. dykes  as tﬁey~k6110wed the more numerous
ffactures‘and were quickly éhilled near thg'géa floor..

This variatioh ia ayerage wid;h of;thé diabase ‘dykeé

. through the sheeted dyke zone from base to top .is
sigﬁifigant in ‘view of the methods used Ey Kidd and VC;nn
(1974) to ‘'estimate dyke _width' variation in ophiolites.

Clearly the average dyke/width would vary with the level qﬁ

,.l

the-segtlion measured. : ! (

Some dykes bend over to cut vertical dykes at dawhigﬂ

angle. Dykes split {into as many as'fiyé dykes as narro:L&s~§
two centimetres. One» dyke appears, 1in contjﬁudus outcrop,

to pass into pillow lava. It first develops curved chi’lled

zones which pro ject intd the mass of the dyke from thé&™-
vertical '~ chilled wmargin. -Above this other curved chilled
zones cut further inEo the dyke until at a higher 1level

'they join from both margins to separate a mass of_bésaliic

material with the form of a pillow trapped' between two
o . Ve

~

diabase dykes.
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3.5.3.5 Rockaescriptions

Most diagase dykes are finé‘grained and massive and"
are composed of near equal ~amounts of plagioclése and-
clin;pyroxene in a ;pb-abhitic texture, Ia the coarsest‘o;
freshest samples this 'texture can Se seen ;ith the naked
eye. | '

Some dykes contain either 1ﬁthic fFagmenf;, or
plagloclase or » pyroxene pheno;rysts. Plaglioclase
phénocrysts are the most common and vary 1im size between
one millimetre “in chilled margins and one centimetre in the
cores of tﬁe dykes. Rare single plagloclase crystals up to
two rcéntlme;tes loﬂg occur - but .they might be gratns
entrained - from the undérlying magma chamber dﬁring
intrusion. o B

Clinopyroxene phenocgysts are rare but 1in .one dyke
they occur in spectacuiar fashfon with hundreds per sguare
metre of aréa of th;bdyke. Ciinopyroxene phenocrysts occur
épétadically in diabase dykgs throughout the zone.

Lithic fragments are abundant in a few dykes (Figure

3.22) gnd.‘commonly they are aggregates of coarse grained

plagioclase and ‘clinopyroane, and their alteration

' brqducts, all typical of the underlying gabbro zone. In

some cases,»in&iJidual coarse grains of plagioclase and

”clinopyroxeﬁe in the dykes appear to be.disaggregated

lithiec fragments. However,  since gabbro and dyke

phenoéryét mineralogy are"edsentially the same it 1is not

possible to determine the origin of single grains. In this
R Lo - . ’
study 1t - has. been assumed that euhedral to subhedral .
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o

pligioclase of similar grain size, occurring in ébunQance
in a diabase dyke,,are (1ntra£e11ur1c) phénocrysts and not

xenocrysts brought up from the walls of the magma chamber,

.
\

It':gas earlier reported, based on hand specimen

.

v

»

1dent1fiéafioq, that dfabase dykes of the Annieopsquot;L‘

.

Complex réreby congained olivine phenbcrysts ‘(Duqning and
He;'d,~ 1981). - ‘Petrographic examinat#on “has faile&; to
confirm this ldentification. : . v

& In several ‘dykes, spherical. sulphide globules -ogéur.

They make up about one percent of the volume of one dyke.

Two brecciatedeykeﬁ were noted in the: sheeted dyke:

zone, They both occur near the east end of Dyke Pond and

are composed of subangular frégnents of diabase Iin a matrix
N . ~ .
of fine grained diabase (Figure 3.23). These dykes have

regular planar margins composed of chilled diabase which {is

c?ptiuuous -with the wmatrix. Williams and Malpas (1972)

déscribed similar breccia dykes that they estimated cover

an area of sixty- four square km. on North Arm Mountain.

' o
Because of ‘'the apparent syn- emplacement time - of

fragmentation and the confinement -of fragmentation only to

certain dyées and largely to the sheeted dyke zone they.

suggested that ‘these §ykeé originated bf gas brecciatiop.
Recently Rosencrihti (1983) has remapped these rotks‘ on
North Arm Moun}ain. _He suggests that they represent fg#lt
breccias ratheér than dyies. This 1is incomp;tible with . the
angular fragmenté'and lack of &efgrmatibn néted'by Williams
and Maipas (1972) so perhaps more than ;ne type of

-

brecclated rock 1s present. The dykes noted 1in the




- _ , ‘ : 86 -
- % ) ) : :

Annieopsquotch Compiex are interpreted to have formed by -

gas brecclation.

3.5.4 Massgive Diebase-
A large area of fine grained diabase occurs at the
east end ofilhe ophiolite within the sheeted dyﬁe zone. No

chilled contacts were observed %nd(this-bddy appears to be
- 4 .

< fine, grained throughout, It lis-.a discrete diabase
iptrusion;within the sheeted d}ke zone,- '

- o - vslmiiar bodies occur on North Arm Mountain wﬁepelvthey

are lntefpyeted by Rosencrantz (1983) to be large lensoid

bodies plated to and pértljf intruding the sheeted dykes N
- . C i, . S . “\ \
. above. Howeéver, he ¢ould not map out their vertical sihape

accurbtely.

, 5
3.5.5 Fleld Description of Trondhjemite Dykes ’ 'l/f
. P ‘
Only a few trondhjemite dykes have been noted in the

s

sheeeed dyke zone. Severql more occur in the‘gabbro zone,
where they intrude a shert'distance beyond their source in
small trondhjemite pods (Figure 3.16). - .. . S

Most trondhjemite dykes in the sheeted dyke zone occur

E ) .on the ridge northeast of Loon ‘Echo Pond. They are closely
spaced and likely" have 4 common source iq a trdndhjemite ‘ : W

7 .body 1in the gabbro zone 50 the/north r They are bright

white, almost chalky on the Weathered surface and buff to L

medium grey on the fresh surface.‘

The dykes are fine to medium grained and have -chilled F

~

margins. only slightly finer grained than the bulk.of the




-

dyke. They are composed  of rplagiocLasé .and - quartz.

) ' . o
Epidote - and rare wminor  hornblende are the only other

minerals recognizable 1in the field.

3.6 PILLOW LAVA ZONE

3.6.1 Distribution and Contacts

The pillow,lava zone underlies the southeast edgei of’

the Annleopsquotch Mountains and part of the tree ‘covered

sibpe which descends to the northwest' shore of Viétoria.

Lake (Map i, Figure 3.1, unit 6): The contact between the

Annieopsquotch Complex and the Victoriai;Laké, Group 113

nowhere exéoéed and 1s interpréted. to be a faule. -At
Wigwam Brook, centimetre scale beddedlsiliceous Qrgillites
occur at the. étruétural base of -a seduence qf waterlain
tuffaceols sediments of cthe Victéria. Laké Group. ' The

.

argillites occur 1in open folds overtuyrned towaqdv the

-

"ophiolite. These are separated from - mafic lavas 23~'the

~

Annigopsﬁuotch Complex by a valley with a ten ﬁetre gap 1in

exposure. - This"vqlley 1s .interpreted to be a fault zone.

The contact with theuéﬁeetgd dyke. zone lié' placed at

the first occurrence of screens of pillow lava in the

-

dykes. The base of the pillow lava zone is therefore
composed primarily of diabase dykes, some of which are

probably feeders to lava. flows higher 1in the sequence.

-Throughout the “£one, ﬁprthwest of the prominent northeast

trending faults, the', proportions: of diabase dykes ' and
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pillow lava are approximately equal.
The base of the pillow lava zone, to the northwest,ﬁ is
offset by several faults, One of these can be traced

through the sheeted dyke zone and into the gabbro zone at

.

-

Dykv:: Pond (Map 1). North of Canoe Scrape Lake the contact

between the pillo'w‘;_lava and sheetedtdyke zones 1s 1nferred.

in a forested area of no outcrop. At the northeast end of
the ophiolite the boundary between the two zones 1is
faulted. This fault is marked by a northwest facing ridge
with ten to tweﬁty metres of relief. At the southwest end
of the ophilolite the pillow lavd zone 1s unconformably
overlain by basal boulder conglomerate o6f the early
Silurlan terrestrial sedimentary sequence.

At the southern edge of the zone, east of the
sedimentary rocks, the lavas are cut by an ollivine gabbro
sill, This appears to occur right at the top of the
Annleopsquotch Complex but 1{ts age and chemical affinities,
are unknown.

kol

A porphyritic sill of approximately dacitie
composition cu'ts the pillow lava zone at the southwest end
of the ophiolite. It is chemically similar to dacite bombs
in agglomerate of the Victoria Lake Group in Henry Waters,
Victorig Lake. For this reason 1t is correlated with this
Group a&nd considered to be a post-ophiolite intrusion of
Llanvirnian to Llandeilian age. This intrusion provides a
link Dbetween the Annieopsquotch 'Complex and Victoria Lake

Group in early Ordovician time. The Victoria Lake Group

may represent the original ophiolite~ conformable cover,
-4




however the present contact is faulted.

The pilllow lava zone is cut by a large hornblende aund

biotite bearing granodiorite to granite (described in

Chéptér 2) which forms a coarse intrusion breccia at its

northwest margin.

Faults cutting the zone might have removed p'art of the

sequence and " repeated the stratigraphy locally. A ridge

composed 1in parf of sheeted dykes occurs along  one fault

~and 'verAtically dipping terrestrial sedimentary rocks‘occur‘
1) .

3 .
in slices along another (Map L, unit 10).

3.6.2 Field Description
Pillows are round to elongate 1in cross section and

vary from 0.2 to 1 metre .in maximum dimension. Their

orientations do not indicate an obvious top direction._

They are dark green, grey green to médium green or brown on
the wea'ther'e‘d’surface and’ dark to grey green c;ri ‘the fresh
surféce. Many haveb disiir'\ct raised chilled matgiﬁs, and
cut by short coo'l‘:lng"fractures as are' the d_tabaée dykes
'(Fig‘ure- T 3.,24), Neither vesicles nor ainy'gdules were
obsérved in the pillow -lava‘ in the fie'ld; small holes‘ in
Bomé pi.llqwa are due to the recessive w‘eathering of
plagiocl':;lse phenocrysts.» ;\bout ten percent of thel pillows
" are plagioclase porphyr‘itic. No other phenotryst bhases

were observed.

‘Pillows in the southeast, faulted part of the zone are

cleaved alohg their margins and near faults are strhetched;

and penetratively cleaved. In the fault zone they are

“







"reduced to chlorite schilst lwith nebulous 1light brown
patéhes, interpreted to be remains o'f. ieés competent
basaltic interpillow material (Figyre ~3.25). Floating
within the chlorite schist locglly are cur\,red rafts of red
chert, original {interpillow daterial that‘shas esca;’)e'd the
deformation duE_to its greater éompetence.

Interpillow material ’ is either basalti_c lava,
hyaloclastite or chert, At the base of the zone there.is a
cor;siderable space between‘some pillows that {s filled with
aphanitic basaltic material. Elsewhere, at the same le'vel.,
the pillows are moulded togethér and ~1’itt‘le or® no
interpillow material is present, . .

ﬁyaloclastite occurs as ‘1nterp1110_v materi‘al locally
in pa‘tEh'es up to about one metre in width.

Chert, usually red but rarely grading to whife, occurs
rarely in pillow interstices where {t has a cuspate outline:
partially wrappiné around pillows., Samplés of this chert
were examined_for mici’ofoésils but wit_hout succesds, It 1is

‘ tﬂhe ‘distincdtive shape of this interpillow chert, prese'rved .
as rafts in chlorite schist, that allows onel to identify

;He_protolith of the schist as pillow lava. . .

[-\ aPillow breccin is rare in the Annieopsquotch Compqu.

Only one location was hoted, south of Loon Echo Pond, where o
. .
’j-‘\ : o
it occupies an area of approximately twenty squarte metres
surrou,nded‘ by pillow lava. The fragments 1in the breccia
1] . .

are rounded to angular and range from one to twenty

c.cgntimetres wide.

Dykes and s8ills of diabase cut the pillow ‘lava zone.







Diabase :dykes comprise the majority of the basal part of

the pillow lava zone. fhey have all the characteristics of

diabase dykes of the sheeted dyke zone. They decrease in

dumber with increaéing height and are scarce to the

southeast of the Aortheast trending faults. This may

indicate that the fault cuts out part of the pillow lava
sequence. .

Diabase sills 'cu§' thé plllow lava lgnd ~comprise

approximately twenty percent of the section between the two
. . * . ]
. T )
major northeast trending faults. They are 0.5 to 2 metres

thick and dark green to black on the weathered and fresh

surface. They strike northeast and dip approximately B85

degrées southeast to 85 degrees northwest.
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CHAPTER 4 PETROLOGY OF THE ANNIEOPSQUOTCH COMPLEX

4.1 INTRODUCTION } -

. X
The mineral assemblages of rocks of the Annieopsquotch

Complex result if;m the effects of two main processes;
high temperature  {gneous crystallization with local

melamorphism, and sea floor hydrothermal alteration and

‘metamorphism over a range of temperatures varyiﬁg with

position in the vophidlite stratigraphy. 'The only post=-

emplacemeht effects on the rocks of the Annieopsquotch
Complex are ‘contact metamorphism around the diorite
intrusion, weathering on the sub- S{ilurian 'unconformity and
recent post glaclal surfictial alteration. In the following

- .
sections the petrology 1is . discussed separately for each

o

zone.

4.2 THE CRITICAL ZONE

Olivine- plagioclase- <clinopyroxene cumulates and
meta- cumulates vary in composition from mafic troctolite

LY

to leucofroctolite, olivine gabbro to leucogabbro and

anorthosite. No »pyroxenite layerafzare present 1in the
Annieopsquotch CompTex, however a large area of
clinopyroxenite occurs with gabbro *in an ophiolitic

fragment south of Star Lake (Chapter 2).
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&
The rocks .are composed of varying oproportions of

olivine, plagioclase and clinopyroxene as the major phases.

Each occurs with a euhedral to subhedrhi habit in  some

rocks (Figure 4.1, 2, 3). However, 'clinopyroxene usually

(]

occurs as angular anhedral grains partially ‘or completely

enclosing subhedral olivine or plagioclase. \QOlkocrysts of

]

clinopyroxen?;-up to five cm long are common iA some layérs

in the criticial zone (Figure 4.3).

In troctolite and olivine gabbro some }ayers have a
_preferred orientation of prismatic wminerals which 1is
interpreted Eﬁrbe a high tempgéature foliation rather than
a primary"igneoué' 1am1natio&. Olivine (with alteration
patches of serpentine and magnetite) occurs as anhedral
“elongate clots that are orien;ed parallel to layering
(Figuré 4.,4). This 1is interpreted to be a result of high
temperature ductile deformation of the rock snd 1is perhabs
related to the tectonic fabric‘in oph{olitic harzburgites
(Girarde;u "and Niqolés, 1981 and T.J. . Calon, pers.
comm.,1983) In many rocks,‘clinopyroxene shows a preferred
orientagion and sharp grain boundaries with plagioclase.
In some layers green ch}ome bearing clinopyroxene occurs as
olkocrysts enclosing many smaller grains of plagloclase and
olivine. These do not show a preferred orientation and
prear to have overgrown the enclosed grains in a static

-

environment. Y

Olivine {n the criticll'zone rocks 1is anhedral and
f\esh to completely altered to assembliges of aerpedtine
and m;gnetitef or colourless amphibole, All olivine










analysed 1in this study has compositions in the range Fo76

to FoB6. N

*» Plagioclase in the critical zohe, 1s subhedral to
anhe;ral © and coarse.‘ to medium grained. The 1least
recrystallized anorthosites and gabbros show classic
quleate and adcumulate: textures (Figure 4.5). Euhedral
small plagioclase crystals are preserved only within
¢linopyroxene olkocrysts (Figﬁre 4.3). Albite twins are
common‘ and in the ‘recfystallized rocks ’metdmorphic
textures, especially polygonalized grains with triple
Junctions are preseﬁt. Some recrystallized anorthosite
layers have a granylar texture. *

Minor amounts g? orthopyroxene occur as exsolved blebs

within or anhedral grains adjacent to large clinopyroxene

grains.

Brown amphibole also occurs as narrow anhedral grains

which form partial rims around olivine or clinopyroxene
(Figure 4.6), This brown amphibole is distinct from both
the amphibole: in _ the chonaa and that in the alteration
patches after clinopyroxene. Therefore, three different
types _of amphibole are present in the critical zone and it
is interpreted that they formed in three different ways.
Chlorite an& epidote occur as fine grained alteration
products after chnopyroxene and plaglioclase, They form

irregular patches embaying both minerals.







4.2.1 Corona Structures

Reaction coronas commonly occur between olivine and

plagioclase 1n the - eritical zone. They are composed -of

concentric zones from the relict "olivine cores to
plagioclase (Figure 4.7) which usually involve;
l.orthépyroxene, a coloﬁrless amphibole (probably

cummingtonite) and green spimnel, 2.pale green amphibole of
the tremolite-actinolite series and43.a zone next to reliet
plagioclase that is a mixture of albite and an-unidentified
high relief mineral.

In somé édmples where only olivine pseudomorphs remain
in thé' core of the coronas, the entire pseudomorph 1is
compdsed of orthopxrbxene and colourleé{ amphibole, fhe
same as the ' {nnermost zone of ;he.9oronas elsewheres A

polygonal recrystallized texture 1is common An these

orthopyroxene and amphibole cores.

4.2.2 Mafic Granulites : ’Ay
. , ~_*

These rocks occur within the critical zone and the
gabbro ‘zone and grade intp normal céarse grained gabbro.
They are fine to medigm grained and in thin section have‘dn
equigranular texture with polygonal gfains of plagloclase,
orthopyroxene, clinopyroxene with minor olivine (Figure
4.8). Crosscutting veinlets contaiﬁ a bpighg - green
amphibole and green amphibole poikiloblasts overgrow the

-

other minerals in some samples.

A noticeable feature of these rocks is the presence of

abundant magnetite distributed as small grains throughout

/
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. A J
the rock. 1In .some‘“ samples the oxide occurs as small

spherés with rims of hematite, Olivine, moderately altered
% . .

to s',erpent,ine and magnetite occurs as poikiloblasts in one

sample. It 1s considerably more Fe-rich than olivine 1in
adjacent rocks of the critical zone. . %
Clinopyroiene and orthopyroxene both occur as

©

polygonal .to rounded fresh grains, the létter often ‘has the -

‘characteristic .pleochroism of hypersthene. These two

Aminerals in an apparent equilibrfum assemblage Ilndicate the

achievment of. temperatures of -the granulite facies of
»

metamorphism (Hinkler{, 1977). Calculated temperatures for

‘seven orthopyroxene=— clinopyroxeng paire, uéing' the method

of Wel‘l‘s (1977), range from 940 to 1050 degrees C.
" These mafic rocks have cle;;;ly been metamorphose;i
under hi_gﬁ temperature static conditions. They have been
. . . _
largél)—r dehydrated, ‘except for . some amphibale as
p‘oikiloblés-ts and 1in crosscutting veinlets. They appear to
grade 1into average coarse grained ~gabbro but contact

13

rel,‘at’ionships_‘ are nebulous. It 18 interpreted that these
rocks are blocks of efther gabbro or diabase stobed, from
the walls or roof of the magma chamber. Another

possibilit& is that tﬁey‘;epresent ‘an  early crystall{zed

'parl:, of a mégma' chamber that was subsequently held at high

. . I -
temperature due to the high geothermal gradient or ad jacent

intrusion of a new magmd batch. The gradational contact
might be due to; 1. a lessening 7of metamérphic effects
away from, the centrdal part of the magma chamber or 2.

v

. - - . . \J
reaction and recrystallization at the margin of a stoped
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: and trondhjemite (Chapter 3). Alteration i{s variable and

~height in the .zone.

block. ‘ oo : -

4.3 GABBRO ZONE -
The gabbro =zone contains a - wide variety of
" compositions and textural vari:etles of gabbro 'apd.

r

anmphibolite derived from gaBbro as well as dlabase, diorite

.~

heterogeneous, even within small outcrop areas.

Recrystal}lzatlon and alteration vary with stratigraphic

P

Amphibolite high- temperature shear zones occur near

.

the base of the'zone whereas shear zones high {n the zone

L “ .
contain the assemblage chlorite +/- actinolite +/- epidote

N L 4
+/ = albite,

-

At the top of the zone the miafic alt?‘;ation minerals

. ; - 3
are- chlorite, actinolite and epidote. These minerals

-

largely replace clihopyroxene and are inf:erpret’ed to have

formed ~as a result of hydrothermal alt\eAration by seawater.
W

At the base of the gabbro zone 4he same minerals occur but

have a patchy dilztribution perhaps reflecting the more

1limited access of seawater to deeper levels of the crust.

Commonly, coarse pleochroic hornblende ocuurs at this level -

and, combined with the assemblage *in the sheak_'zones.
indicates the general es't&bli_shnent. of- conditions

characteristic of the amphibolite faciés.

pat
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'4.3. 1 Gabbro

" Gabbro of the ‘htgh level’ or ‘isotropic’ type rirely
-_“,J " contains oli\{ine, in contrast to that of the criv.:ical zone,
In add.i,tion it is generall}' coal('set' grained and more
altered with clinopyroxéne‘ rep;laced by fibl;ous amphjibole of
the tre':molite-actinolite series and phldrite. This imparts

,'_‘a ‘medium green colour to the replaced pyroxene and thus to
the ’wh‘dle, rock (Figure 4.9). o :

. ‘ Gabbros éeﬁeraily ;te “cc;mposé»d of near . equﬂal

prop.ortions of. plgg“ioclase and élinopytoxene wit:_h nminor

-

amounts of ‘priﬁary oxides _and apatite. Plagioclase {s

usually subhedral and zéned.' It is .partially enclosed 1in

.

1

large anhedral clinoﬁyroxene grains. In the f,iner\, grained

gabbro t.'he texture is .subophitic; similar to the -;:ores’of

‘son_ne wide dfabase dykes. Apatite, rarely’ present, . occdra

.

as small Vsﬁbhedral to oval gtai’qs intgrs‘titial‘to - '

[ .
. H

gsilicates.

Secondary minerals in the high level gabbro, in

— .

approximate order of abundance, are  fibrous
tremolite-actinolite, chlorite, albite, epidote  group
minerals, sericite, sphen.e, carbonate, prehnite and

pumpellyite.

.

The secondary' amphiboles. ‘i‘éplace clinopyroxene as

» pseudomorphs with - their C axes paréliel to those of the

pyroxenes. Relict clinopyroxene octurs in the cores of . .
some pseudomorphs. The amphiboles© wvary from near . ,
colourless or pale greAen to medium to dark .green. grains

with a distinct pleochroism, Some blocky grains have a -
- rs

v

Y | - ~‘ \

1
|
i







"strofig blue green coelour.

/ Plagloclase grains are weakly to completely altered'to

a" fine grained mixtureé of minerals tﬁat dppears light to

dark brown 1in plane polarized 1light and AdarkA tb opaque

under <crossed polars. This waterial ' 1s a mixture of

albite, zolsite, carbonate and fine mica. In some éections.

S

with coarser (mg;amﬁrphfc) amphibole ;he‘cores'of thése
.alteration patches in plagloclase are recrystallized to
poligonal.mosalcs of epidote;

The interstices between plagioélase‘and clinopy;oxene
in coarse grained gabbro 1is ;omposed éf‘a mixture of fine
grained chlorite and }ﬁphibole of a different habit and
colour than cﬁat in the bseudomorphs-gfter clinopyroxene.
These batchgg hay répresent trapped 1nters£1tiél liquid.
4.,3.2 ?egpatitic Pod;. | -

Pods\and iarge iqtegulﬁr areas of' pegmatitic gabb;o
occur’ spéradically throughout , the gabbro zoﬁe. They are
composed of plagioclase and cliﬁopyrox;ne in ne§r> equal
proportions yith ;¥yafals Qarying;frbm'éne to fift;en cm in

length, Hornbleqde is_-aﬁundanﬁ in some"ppds, as -‘1s
Magde?#te, which occu;e both as ngga;qlmégafpgiand as
éngular masses interstLtial to th§ gsilicates. Apatite is
abundant in some pods, consistent with the residual ﬁaiure
of the magma forming 'the pods. No fresh ‘pyrdkene wés
identified  in -gheae pkgnafitic ' ggﬁbrb pods .and

‘eptdotization ‘is common.

[~ . .
Textures are variable and heterogeneous within the
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pods. ‘Small clots of <coarse hornblende or feldspar or

qﬁértz— epldote occur locally and 1large crystals grow
; )
radially from the walls of some pods. A core of

trondhjemite 18 present in - some pods. The most felsic
'pOckets in these pegmatitic pods contalin an 1ntergrowth of

feldspar, epldote and quartz with minor apatite and other
1

accessorlies. ¢

»

4.3.3 Amphibolite

Amphibolite, - medium to coarse grained, 'occurs in
narrow shear zones, especlally {n thé iowef part of ‘the
gabbrédzoné. It 18 composed of near eqpal pro{Brtiohs of‘
hornblenge ‘and ﬁlagioclase and psually has a,pronOunch
fdliation parallel t;> the sﬁeapr z;ne. Corroded ,coar?e
plfgioclase grains occur locally (Figure 4.10). These a}g
iﬁterpteted to be relict 'primary 1gneoué crystals. No
pyroxene has beeq identified "{n the amphibolite. .Hinor
maénetite, epldote, chlarfte and cérbénate occur,

These amphibolites are interpreted to‘have formgd by
recrystallization of gaﬁbro-under stress 1in shear zoneé af

temperatures characteristic of the " amphibolite facigs of

metamorphism.

4.3.4 Trondhjemite and Diorite
Pods of trondhjemiﬁe with & marginal zone of diorite
gradatfonal into gabbro occur throughout the gabbro zone.

They vary considerably from one pod- -to another and within

_one ‘pod 'ére commonly texthrally and compositionally




heterogeneous.,

In gengral the trondhjemites contain plagioclase,
hornblende, quartz, epidote, sphene, apati;e and zircon as
primary phﬁses‘and actbnylite—tremolite; chlorite, $1b1§e,
epldote, carbonate and prehnite " as altergtion Blnerals.
However, mbdels for the generation .qf trqndhjemifes bin

ophioliges call upon the presence of éignificani amounts of

water, elther 1dnputed directly in to the .magma chamber or,

more reasonably, 1introduced by assimilation of hydrated

mafic rock. The effects of fluids on the trondhjemites,

including the formation of -hydrous minerals, therefore may -
. 7 .

. be late magmatic¢.(deuteric).

-

Trondhjgmite from the body intruded along the fault
;oné west of-Loon Echb Pond~}80HPAD222) 1s‘med1um grained
and contains some hornblende aqd quartz, Most of the body
is an intérgrowth of angular anhedral feldspar and epidote,
with sprays of fibrous grains. Apatite, sphene and zircon
are accessofy phases; the l;tter was used to determine the
age of the ophiolite (Chapter 7). " The sample is cut by Q
vein of prehnite. | ‘

The large area of trpndpjemite occurring as infrusion
Ekeceia, full of mafic blocks, north of Loon Echo Pond
(Figure 3.1 is texturally ‘and ‘compositionally
“_heterpgéneous. v Most is coarsé grai&.d with only a ninof
mafic mineral content. Sample 80HPAD223-1 (Figure 4.11) {s
from a pegmatitig tronéhjemite pod which contains ten to

fifteen percentﬁﬁotnblende, as subhedral ~crystals up to

‘fifteen cm long. They are twinned and some contain a core

.
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of blotite. Quartz clots u? to twenty—-five cm in diaméter

occur in the pod. "Coarse plagioclas; grains are subhedral

and strongly zonéd and are surrounded by a groundmass of

fine. grained granular feidspar and quartz. lccesaofy

phases are biotité, epidate, apatite and zircom. ,
A trondh'jemite pod occurs_ﬁt the\ gabbro:aheeted"dyke

zone boundary northqast of Loon Echo Pond, \It is @
remarkable for 1ts ;ontent of. coarse fresh . epldote
Aintergrown "with plagiocla;e of equal grain size (Figure
4.12). Quartz 1s a3 minor <constlituent oé ’this sample
‘(79HP50212) along with gphene and zircoh, which both
) comﬁonly occur with epidote. The rock 'is undefoémed and 1is
a good candidate to be a primary unaltered, trondhjemite.
. Severai trondhjemite d}ies occur 1in the gabbro and
shegted dyke zones and som; of them are seen to be rooted
in the trondhjemite pods (Figure 3.16). They are .fine
grained and consist of‘either an intergrowth of feldspar,
quartz and epldote or spherical ra&iating cluster; of .
éelispar (albite?) graiﬁs. One dyke appears to have tiny
vugs between fgldsﬁar crystals - filled with quartz and
epidote = needles. This suggests that the latter two
minerals crystallized from a volatile rich residual liquid.
Minor amounts ofv tremolitergctinolipe occur but minor
. accessorles such as sphéne, apatite and zircon, which are .
common-in the pods were not ohserved in the dykes.
Diorite'of'the Annieopsqu?tch Complex 1s'rgstric€ed to

small areas gradafidnal between gabbro and trondhjemite of . .

the pods. It does not include the diorite {intrusion at the

sa
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northeast end of the Mountains (Chapter 2). The diorite is

, )
really a hornblende rich variety of .the trondh jemite with

subordinate <clinopyroxene and 1less  quartz. It contains

sphene and some zircon}\m ) .

4.3.5 Diabase
Dtabase occurs as dykes cutting the gabbro zone and as
\
irregular patches in the transition zone. These are

similar to d}abaée of the sheeted dyke zone and so will not

be discusseéd separately.

4.4 SHEETED DYKE ZONE

Diasaseni; the only major 1lithology of the shéeted
dyke zone. It occurs‘ in dykes, "a fe; of which are
internally brecciated,> and as a large’ mass which ‘15
interpreted (Chapter 3) to be an 1intrusion info‘the zone.

¢
4.4.1 Diabase Dykes

The . diqﬁase dykes of the sheeted dyke zone are

~

rema?kably - constgpt In mineralogy, having near equal
_proportions of plagioclase and clinopyroxene, or thelir
respective alte};tion producis. 2

The groundmass of the dykes varies with érain slize.

The cores are composed of blocky equant clinopyroxene

grains intergrown with plagioclase laths. Some large

clinopytoxené, grains enclose plagioclase in a subophitic




texture. In some finer grained dyke rock, very fine grains
of clinopyroxene occur as cores of felted amphibole which
18 of similar grain size to the plagioclase 1laths. Most

diabase dykes have fibrous actinolite as the sole mafic

mineral. *

o

In the chilled margins of diabase dykes plagioclase
microlites occur in a very fine grained matrix now composed
of felted chlorite and acrinolite. Groundmass microlites

and microphenocrysts show quench textures such as swdllow

.

tails and belt buckles (Figure 4.13). These fine
plagloclase grains are " oriented parallel to the wa;ls of
some dykes, Rarely they define a 1lineation but usually

they are randomly oriented about a-plane parallel to the

margin. Coarse plagioglase phenqcrysts in the centre of

the dykés generally appear to be randomly oriented. Many
. ]

dykes have corroded plagioclase laths as the only relicts
of the ©primary mineralbgy, the rest of the dyke 1is
generally compose& of actinolite and magnetite with minor

épidote. ’

{

The odly ?thér phenocryst pﬁases obse?ved in diabase
dykes ‘of_ the sheeted dyke zone are plinopyrﬁxene (Figure
4.14), qommonly' alter;d to actinélite; and rarely
hornblende,as twinned subhedralh grains aimilarv in

- appeatance to those 1in the trondhjemite pods. - No 'olivine

~

phenocrysts were observed,

< ’

Spherical sulphide'globules up-to three .mm in diameter

o

were .noted in thqochilled margins of some diabase dykes.

These, being of épparent regular shape and composition ‘may







represent monosulphide sollid solution separated as an

.

immigcible liquid from the basgalt.
4,4,2 Brecclated Dykes
One di{abase dyke contains awmygdules filled with

chlorite and epidote. The groundmass of the ‘dyke 1is

, : , .
composed entirely of plagloclase and actinolite. This dyke

(‘79HPAD200~1) 18 " internally brecciated but has planar
chilled margins like most dykes. The fragments 1in the
brecciated portion of the dyke are angular to rounded and

are of the same grain size and composition as the adjacent

intact dfabase, The, matrix to the fragments {s a mixture

of chlorite and epidote that appears to be the same as that

in the amygdules (Figure 4.15), though these were not
analysed. Brokéa plagloclase crystals and small fragments

of diabase occur in the chlorite- epidote matrix.

Williams and Malpas (1972) described dyke breccla from'

the .Bay of Is}ands Complex which has similar features to
that dgacfibed above. . They specifically noted angular to
rounded fragm;nts in a fine granular matrix which lacks a
cleavage, concluding that they were not formed as a ;;sult
of defotm;tion but formed during dyke eﬁbiacement. ;Sucﬁ an
interpretation is favoured for the rare brecciated dykes of
the Annieopsquotch Complex. A brecciatedAdyke cbntain;ng
éﬁygduleéhsuggests a high volatfle content. It is p?ssiﬁle

that release of pressure on the magma duxing'intrusidh of

the dyke to .shallow levels permitted the evolution of a gas

phase with sufficient forcé to dtsrﬁpt 'che partially

°
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~ lithified core of the dyke. The <chilled margins, formed

' first, would be unaffected and would for‘m a. conduit forA the

. brecciation.

- (

4,5 PILLOW LAVA ZONE

Pillows are fine grained in the core t;) ‘aphanitic at;

the rim. The mineralogy of the rims is unfespivable ;vith
the petrographic microscope. Where ‘notv opaqu.e, .they are
composed of cuspate fragments, dark brown or green, set inm
a matrix of dark brown or green material, presumably'
devitrified ‘'glass. In this matrivx-radial aggregates of
fibl:ous pumpellyite were recognized inA one sample.
V No primary pyroxene was recog_n)ized; rather the cores
of pii]:ows are composed ofz-fa- fine felted groundmass of‘
relic't~ plagioclase la;hs,‘actir;ol-ite and chlorite, similar
to the chilled margins of tlﬂle diabase dykes.

Plagioclase/,is the only phenocryst phase reclognized 1n’
the pillow lavas. They are small equant to prismatic
grains and occur less commonly than in the diabase dykes. of
the ‘shee:r.ed dyke zone. .

The pillow lavas were described as non-ves-i'cula'z" by

Dunning and Herd (1980) however very small chlorite and

epldote  filled amygdyles were noted in several thin

v

sections.,

116




e

v

4.6 CLASSIFICATION OF MORB - . .

Phenocryst assemblages have been used, to define two

~ -

types of MORB’s by Shido et al.(1971) which they termed

plagilioclase tholeiite and olivine tholeiite.

In a recent classification Bryan (1983) divided MORB’s .

into three groups, consiétent with phase equilibria, based
on thedir phen;)cryst assemblages. These are: 1. olivine-
p‘hyriic basalts (+/- spinel), 2. olivine- plagioclase-
phyric basalt_;s and 3.olivine- plagioclaée- pPyroxene- phyric
basalts. App;ér'ance of phvenocrysts {s all that 1is réquired
for this classification, not rélatiy_e abundanc‘e.“

Bryan (1983) suggested that many plagloclase
tholeiites are type 2 or 3 multiply- saturated basalts that

have undergone selective accumulation of ' plagiloclase and

" that they might be found to contain at least rare

-

microphenocrysts of olivine (+/- clinopyroxene). He
.further suggested that olivine and olivine-— plagioclase~
phyric basa'lts might contaiﬁ few observable olivine
.phenocrysts due to their separation from thg -liquid, even
in lava tubes or pillows on the seafloor. In any case,
examination of a thirty micron thick secgion is probably
not sufficlient grounds for stating that a; phenocryst 1is
absent from a rock. ’

No olivine phenocrysts were observed in dviabase' dykes

or pillow lava of the Annileopsquotch Complex., Plagioclase.

phenocrysts are virtually ubiquitous and occur 1in large

quantities" in some samples suggestive of crystal
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eccumulation in the magma before entral‘rﬁient in the dykes..

A}

-~

Free clinopyroxene grains were noted in several dykes.

Whecther "these are true, phenocrysts or xenocrysts from the

magma c;hamb'er is uncertain. As most diabase dykes and
pillow ‘lavas  of the Annieofmquotch Complex <contain
plagioclase phenocrysts but no ebvious clinopyroxene

phenocrysts they 1llkely are the olivine- plagfoclase-

,Phyric (group 2) basalts of Bryan (1983).

-
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CHAPTER _5_ GEOCHEMISTRY OF .THE ANN}EOPSQUOTCH COMPLEX

AND RELATED OPHIOLITIC FRAGMENTS

5.1 INTRODUCTION

Analyses were made of diabase dykes from the ‘sheeted
dyke  zone of the Annie,o.psquotch Complex and the K.i'ng .George_
IV Lake a‘nd Shapadithi‘t Brpok ophiolitiec fraéments \and from.
lophioli;ic 1n<l:'2.lusions‘ in the Boogle Lake Ilntrusion.' Pillow

lava from the Annieopsquotch Complex and the King George 1V

Lal:e f-ragmen‘t ue~ré also analysed. '
| Critical zone lithologies and ‘hiéh level” ‘ga.bb::.o
sampnles ffom the Annieopsquotch Complex and tﬁe Star Lake
ophiolitic &fragment. wvere Aalso. .analysed. Thes"e - show
evidence of fcr}lst.a'l | éccumulation. (Chépter 3) and do not
.represent liquici compositions.

Tr;ndhjemIFes f.rom seve_r-al pi)ds‘ i‘n the An'nieopsquc;tc\h
Compiex. were analysed,

All dyke and éillow lava sa\lznple's are fin/é grained to
N aphapi‘tic; weathered surfaces v'lere remo¥dd with a saw and
’ —A,phenvocryst- rich. dykes were avoided. Some samples ‘ contain
a'. few —plag‘ioclase phe‘nocry's'ts. Most dyke samples are Ao‘f
chilled margi_ns taken just inside the narrow 1 to 2 cm wide
wveathered rind. Therefore ‘these samples are interpreted to
‘represignt liquid compositions.
N L%

Major elements were analysed at the Geological .Survey

of Canada by X-ray Fluorescence using fused pellets, except




for Na which was analysed by atomic absorption, 'and Fe203

.and Fe0 which 'weie determined by the Pratt titration‘

méthod. Trace elements abundances were determined by X-ray

fluorescence analysis of Apressed pellets (10 gramé of .

sample powder) and rare earth elements were "analysed by the

method of  Fryer (1977) at Memorial University of’

Newfoundland. See Appendices 2,3 and 4 for details of the

analytical me;hods.

Whole  rock analyses are reported in -~ Tables
5.1,2,3,4,5,6 and 8 and sample locations are shown on Maps

1 and 2.’ The ranges of major and trace -.element contents

. ; : .
for each rock type are reported in Table 5.7 and CIPW norms

for all rock analyses are reported in Appenaix 7.

-

5.2 SAMPLES FROM THE CRITICAL ZONE

Three samples from a plcritic sill of the
Annieopsquotch Complexianﬂ three from the critical zone of
the Star Lake ophiolitic fragment were analysed (Table

5.1). 4«The rocks "from the Annieopsquotch Complex are

troctolites with abundant plagloclase, .while -those from

Star . Lake are part of a. lensoid body that «could be
classifled as plagioclase peridoiite. Loss on ignition 1=
higher for rocks of.the Star Lake ophlolitic fragment due

to the presence of serpentine after olivine. Olivine in

the gill is very fresh by comparison.

A1203 'varies ‘between 7.2 and 7.6 wt. X for the Star
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TABLE 5.1. MAJOR AND TRACE ELEMENT ANALYSES
OF ROCKS OF THE TROCTOLITE SILL, -ANNIEOPSQUOTCH
COMPLEX AND CRITICAL- ZONE, STAR LAKE OPHIOLITIC FRAGMENT."

Annieopsquotch Complex : Star Lake Fragment
80D 80D 80D 80D 80D 80D
133-2 133-4 133-5 . 157-1 168-1 181

43.7 Cb6.6 462 : 40.2. 41.7
0.18 “0.16 0.21 0.09 '
15.7 20.1 16.2 7.5

1.52 0.88 0.88 - 3.28
5.23 4.66 4.80 7.17
0.12 0.10 0.10° - 0.17
18.6 - 12.7 11.8 . 28.6
10.4 13.3 13.5 6.06
07 1.0 0.8 A 0.6
0.06 0.04 0.02. 0.03
0.03 0.03 0.03 0.01
2.97 1.11 - 0.89 - 4.63

100.68 98.43 - 9834

0
50
1
10
0
57
39
636
30
69
A} 343

not detecteg




. \
Lake samples and 15.7 and 20.1 wt. 2% for the si1l1l. This

is clearly a function of the greater percentage of

.plagloclase iﬁ the\gill.g‘ . ' 4
j'LikeVise Ca0 varies from 10,4 to 13.5 wt. X in the.
si1l épdi is signific;ntly lower (6.05 to 1.58.wt. Z) 1in
the élagioclase-poor rocks at Star Lake. Na20 1{s low 1in
both.suites but higher (0.7 tqbl.O wt. %) iff the sill.
The trace element chemistry of these rocks is. easily
predictable froi their mineralogy. fhe more Hgo rich rocks

from Star Lake are enriqhed in Ni and Cr compared to those

of the s11l1 in the Annileopsquotch Complex. Ni ~1is

presumably 1p the olivine , and chromite was observed in

thin seccions of the Star Lake rocks so the high value of

.3027.ppm Cr in sample B0HPAD1B81 is easily explained. -

5.3 SAMPLES FROH THE GABBRO ZONE .

v
-

Sixteen samplesv‘from the gabbro zone. of the

_Annieopsquotch Complex were analysed fotr major and trace

elements arnd four of these were also analysed "for rare .

‘earth elements (Table 5,2, 5.9).

™

These rocks contain pyroxene ' and aﬁphibole as '}ts

predominant alteration produc¢t, ‘and plaglioclase -with

‘secondary albite, carbonate,.epidote and chlorite = (Chapter

™

4). Loss - on‘ignifion is qusistently low for these rocks

and ranges from only 1.0 to 1.91 wt. 2.

P,

- Al203 contents vary from lj}G tJ\20.7‘wt. Z.and this

L]

#
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TABLE 5.2

‘AlZOJ
FeZOJ‘
Pel
)
mg0o
Cal
Nazo
K20
PZOS
L.o.I.
Total

NEZO

K,0
E,0

L.0.1.
Total

Rb

MAJOR AND TRACE ELEMENT ANALYSES OF GABBRO
790 790 76D 790 790 79D - 79D 79D
& 013-1 ©0lk-1 027-1 029-1 143 1h4-1 . 1442 148-1
49,0 50.1 49,2 k9.7  4B.2  49.4 ° 50.3 50.6
0.31 0.56 - 0.11 1.43 0.52 0.34 0.48 0.74
15.9 17.3 15.3 15.5 20,7 17.1 16.4 13.9
1.50 0.88 2.07 . 3.36 1.33 1,57 1,41 1.41
5.71' 5,64 6.68  7.39 4,39 4,33  5.02 ?.24
0.17 0,15 0.18  ©0.21 0.11 0.12 0.14 0.21
- ,10.5 7.31  9.86  7.25 7.28  9.28  9.12 8.71
(13.6 th.o  12.8 12.3 1.6 15.4 14.7 12.6
4
1.4 2.2 2.0 2.3 1.4 ‘1.7 1.3 2.0
- 0.06 0.09°  0.06 0.06 0,10 0.06  0.16 0.08
0.01 0.03 0.02 0.07 0.05 . 0.03 0.06 0,05
1.10 1.5 " 1.1 1.0 1.6 1.24 1.10 1.62
99,46 99.76. 99.79 100.57 100.28 100.57 100.19 9916
0 1 L0 . 1 1 . 0 5 b)
Sk 7125 67 . 8l 101 73 88 88
14 . 13 11 33 15 10 13 24
7 7 5 38 2k 11 17 16
0 1 1 1 1 0 1 -0
58 62 13 60 97?7 52 57 70
83 3 52 13 58 62 80 0 :
112 351 111 41 106 87 81 55
u7 L6 38 37 45 32 62 53
175 191 167 379 141 151 185 272
3ok 131 338 40 402 3hé 229 75
\ -
790 7290 .7¢D 29D 79D 80D gop 80D
150-1 151 152-2 155 156 129-1  130-2  137-1
T 9.8 50,9 51,7 50,0 50.9 49,1 48,0 © Lo
0.55  0.49 -0.41 0,44  0.51 0.59  D.41  0.3b
14,9 16.6 - 13,6 15.3 15,2 15.4 16.8 15.2
1.48 1.84 1.65 1.43 1.35 2.55 2.64  0.86
5.B8 $.16 © 6.%3 5,48 5.72 5.18 . 5.4% 5.88
0.16 . -0.15 0.20 0,16 ©.17 A 0.13 0.16  0.16
9.72  B.29  9.73 8,96 8.60 9.61  9.39  9.75
14.6 13.4 11,8 14,5 14.3 7 13.9 13.0 14,1
.7 2.2 2.2 1.6 2.3 1.4 1.3 1.5
0.06 - 0.07  0.06.. 0.06 0.11 0.08 0.10 0.06
0.06 0.04 0,02  0.02 0.04 0.03 0.0k 0.04
1.25 1.18 1.17 1.28 1.18 1.46 1.91 1.39
100.16 100.32 99,27 99.2) 100.38 99,43 99.20 98.68
2 0 [¢] 2 0 o] 3 .0
60 87 * 5 " 66 29 101 95 87
20 16 12 20 15 1?7 11 8
19 10 ? 13 12 20 15 7
0 0 ) 1. 0 1 -2 0
59 56 66 60 55 47 59 60
27 69 .52 50 . 51 0 59 74
102 64 56 83 54 108 “112 8o
35 4o L3 34 36 48 b4 29
208 192 213 192 221 222 149 173
335 80 - 46 113 63 240 371 248

O= not detected

124




Qariétion.‘éould be due 1n_iarge part to differing Aegreés
of plagioclase'accﬁmulation. ‘

Fe203, as measured_ by the Pratt titrafion method,
Qafies from 0.86 to 3.3§ wt. X and FeOanries from‘4.33 to ’
7.39 wt. if ‘The ratios of Feé03 J  Fe0 are probably a

*function ‘of variable degrees_ of sea floor alteration as
well as qoderg weathering procgsses, Therefore no great
signiﬂica;ce is attached-to‘them. 'Total'Fe, calculated as
FeO, ﬁas been used in some cltemical plotg in sﬁbsequent
sections. Some screens of‘hagnetite rich gabbro occur ihn
the transition zone.' These may be the plutonic equ;valent
of evol;ed Fe rich baéalt, but none were analyged in this
‘study. . .

. ‘ i . ¢
Ca0 is variable\(ll.s to 15.4 wt. XZ) and depends in

'part on plagioclase chemistry and abundance. It is also

.-subject tb leachinglby seawater (cf. .Mottl{ 1983) and as
plagiéclase is modefately‘ and 'clinop;ro£ene completely
Daltered to secondary assembiageé in these rocks (Chapter ﬁ)
Ca should be cb%sideréd‘ a ﬁobilé elemenf. Na20, also a
mobile componen;, {s'present in low 'cdﬁcenzfdiidns that

range from 1.3 to 2.3 wg. X. K20 is pfesent iﬁ very low

concehtra;ions, from 0.06 to 0,16 wt., X, which 1is typical

. Bl .
ofarocks with MORB chemistry,iin.general.

Sr varies 'between 54 and 125 ppm g in the gabbros
, L ‘ : R
‘analysed . and -Ba varies between 32 and 62 ppm. Their

abundances pfobably vary both as a function of plaglocade
content of the rock and degree of seawater interaction, as °

these are both very mobile elgments.




)

.In general, the incompatible trace elements 2r, Y 'aﬁd;;f”“’

Nb are present in lower concentrations in the gabbros than

in the dykes and lévas of the Annieopsquotch Complex.

5;9 SAMPLES OF DIABASE DYKES

1

** Forty diabase dykes from thg Annieopsquotch Compléx,
eight from the ophiolitic fragments at Shanadithit ﬂrook,
four from King George IV Lake and nine dykes from
ophiolitic inclus%ons 1d. the Béogie iakq Intr;sion were
analysed for major and traée elements in this gtudy‘(Tébles

As well, six dykes from the Anpieopsquo:ch
Complex were anal?éed for ra:i earth elemen;s (Table 5.9).
Thé diabase d}kgs f;om the Anﬁieopaqgotch Complex are
quite ffesh"and have ;aised, ap%anitic to glassy chilled
marginé.. The chilled margins, mostly phenocryst-free, are
interpreted. on the basis of field criteria_fo represent
baﬁaltic liquid compositioqg. Loss on 'igniti;n, a> roughn
measure of the hdegree of alteration of ‘the rqck, ranées
from 0.9% to 3.34.wt. % for dykes from the hnnieoﬁsquotch-
Com}lex (Table 5.3). Dykes from " the ~other ophiolitic
fragment;,have L.O.T. in the same rangg'(Tabies 5;4, 5.5).
Fe203 varie§ ffom 1.53 to 6.52 wt, I and Fe0 from
531 to 10.9 wt.‘ %2 for the Comélex and other ophioliaic
fragments,aé well., No Fe rich.diabase dykes aqalagous to

compositions at the peak of Fe- enrichment - in the

Skaergaard trend were'foqnd in the sheeted dyké-zone,




v

TABLE 5.3 MAJOR AND TRACE ELEIEJ“'T ANALYSES OF DIABASE DYKES

’

79D 79D 790 79D -79D * 790" 80D 80D 80D
148-2 150-2 153-) 237 240 241 081 122 130-1

47.8 49.4 47,27 48,9 . 48.6 17,6 49,5 | 49.8 50.0
0.?74 . 0,76 - 0.84 1,05 2.28  1.59 2,17 \ 1.97 1.34
16.8 14.4 15.8 1%.5 - 13.6 14,9 13.6 >)~3.7 S15.1
1.72 1.93 . 1.B4 2.28 6.52° 2.16 4,307 T3.17 3.25
6,67 6.88 6.80 8,78  8.81 10.9 9,36 10.4 6.84
0.18 0.17 ‘0.16 , 0.23 0,20 ,0.22 0.19 0.27  0.13
9.63 10.5 11.6 7.93  5.38  6.89 5.15 6,05 _7.36
12,5 11.0 11.9 11.5 8.71  9.57 10.) 10.8 12.8
1.7 1.9 1.8 1.8 3.7 2.5 2.6 2.2 © 2.3
0.05 0.28 0.10 0.06 6.06 0.06 0.19 .27 0.09
0.03 0.11 0.06 0.08 0.19 0.11 0.19  0.17 0.10
2.12 1.9 2.32 7 1.70 1.36 3.74 *1.25 1.57 1.26
99.23 100,42  98.81 *100.37

80D 80D 80D * 1Y) 80D 80D 80D 80D ' © B1D.
132-2 193-1  193-2 193-3  193-% 194 196-1  202-2 032-1
48.6  4B.2  49.) 48,9 48,6  4B.5 51,7  49.9 49.5
0.58 1,45 1,40 0.99 * 0.57 0.59 0.80 1.30 1.32
16.1 13.8- 14,2 }5.0 16,2 . 15,7 “15.4 14.2 15.5
1.85 2,17 2.04 1.84 1.53 2,40 1.9  2.25 Co3.2
6,17 9.61 9.68 ©7.96 ° 6.48 5.31 7.74 B.53 8.0-
0.16 0.25 0.23 0.19 0.17 0.16 0.22 0.21 . 0.18
9,22 7.24 7416 841 9.48 8.45 7.83 7.15° 7.4
13.7 10.5 11.5 12.8 =13.4° {2.8 6.83 11.5 . 11.8
1.3 2.6 2.2 1.8 1.7 2.4 4.8 2.6 2.3
0.04 0.03 ~ 0.06 /}).06 0.06 o.o4 0.07 0.04 . 0.10
0.0% 0.09 0.11 07 0.04 0.07 0.07 0.11 0.10
1.1 2.8)  2.20 2.0 2,37 2.86  3.07 2.4 . 101
98.88 98,77 100.08 100.06  100.60  99.28 100.25 100,22 100, bk

-60

0 = not detected




TABLE 5:3 MAJOR AND TRACE ELEMENT ANALYSES OF DIABASE DYKES

N

0 = not detected

81D 81D 81D 81D 81D 81D 810 81D 81D 810
033-2 033-3 036-1 123-1 124-1 128-1 . 129 136-1 136-3 137-1
510, 48,9 uB.b 48,9 49.3 50.1 9.1 50.5 52,0 50.5 ‘52,1
Ti0, 1.70 1.29 1.39 1.65 1.2t " 1.70 1.32 0.60 0.61 -0.80
Aly0,  14.0 15.7 15.2 b4 15.4 13.9 16.8 14,5 14,1 15.6
F0203 4,61 3.16 3.80 3.18 2.38 3.65 2.78 2,22 1.67 2430
Fe0 9.76 8.53 7.79 9.15 8.58 9.65 B.87 7.15 7.65 7.01 °
Mno 0.24 0.2} 0.19 0.23 0,21 0.19 0.21 0.19 0.17 .18
Mgo 6.18 6.52° - 7.16 6.60 6,64 +6.18 6.33 8.61 9. bk 8.10
Ca0 10, 6 10.8 11,6 10.1 10.8 10.6 10.6 “11.3 11.0 8.02
Na,0 2.1 - 2.2, 1.9 3.0 2.4 3.2 2.4 2.2 115 3.6
- K,0 0.08 0.09 0.09 0.09 0.07 0.07 0.0B 0.15 0.26 0.06
on; 0,10 0.08 0.13 0.13 0,08 0,11 0.08B. 0.10. 0.13 0.06
L.0.1I 1.1 1.72 1.2 .2.27& 1,82 1.33 1.23 1.38 2.68 2.26
Total ~ 99.37 98.40  -99.35 100.10.  99.69 98.68 99.20  100.40 99.71  100.09
Rb 0 0 1 o 1 3 3 0 5 4
Sr 95 108 106 - 66 85 76 86 216 185 89
Y 49 36 132 48 35 4e 137 15 18 24
Zr 85 56 &l . 8o L6 74 5k 38 46 30
Nb 2 0 1 3 0 3 1 0 3 0
zn 6 103 59 93 108 49 . 75 90 76 84
Cu - 0 3. 1 36 46 0 0 104 36 37
Ni 32 70 - 55, 5 38 31 33 76 . 130 56
Ba 53 48 52 40 L2 46 59 136, . 171 36
v 407 b b5} ho1 321 ho 353. , 281 28 I
cr 24 106 15 86 72 ‘12 63 346 345 204
81D 81D 81D - 81D 81D 81D 81D 81D 81D 81D
137-2 138-1 138-2 140-2 140-3 161-1 141.2 144-3 1hb-t . 1h5
sio, 48,4 48,5 49.3 49,7 50.7 49,3 49.1 by.2 . 488 49,0
Ti0, 1.25 0.85 1.57 1.11 1.48 1.66 . 1.14 1.35 1,42 1.43
AL;0, 16.2 17.0 1 b 15.7 13.9 13.9 15.4 4.4 14.5 13.7
Fe,0, 2.54 2,46 2.70 2.6° 4,45 3.73 2.62 3.10 2.70 2.46
FeO 8,79 6.01 9. b 8.2 . B8.22 9.30 8.08 B.15 9.15 9.65
¥no .21, 0.17 0.23 0.18 0.25  o0.21 0.19 0.21 0.22 0.27
Mgo 7.65 8.75 6.83 7.32 6.39 6.48 8,01 7,14 '7.02 6.31
Ca0 . 10.2 13.5 10.7 12,4 10.% 10.9 11.9 10.5 10.6 8.78
Na,0 2.2 1.5 2.2 1.9 2.4 2.1 1.7, 2.8 . 2.7 3.4
K,0 0.08 0.09 0.07 0.11 0.09 0.09 '0.08 0.08 - 0.08 0.10
PO 0.10 0.04 0.12 0.09 0.11 0.12 0.07 0.08 0.12 0.10
L.0.1 2.73 1.43 1.60 1.14 1.03 0.9% °  1.34 2.22 2.25 3.19
Total 100.35 100.30 99.16  100.45 99.42 98.73  99.61 99.23 99.56 98.39
Rb - 1 o 0 0 0 0 0 Iy 2 0
Sr 92 55 55 .71 71 69 70 97 82 84
Y 33 23 48 32 ks Sk 10 43 41 43
Zr 58 37 77 Ly 65 70 50 ° 60 59 66
Nb 1 0 0 2 1 L 1 o’ 1 1
in 73 73 99 6l 76 50 52 100 106 1197
Cu 0 55 36 5 22 0 o 31 27 25
Ni .68 142 Lo 66 24 50 83 65 52 29
Ba 50- 39 L3 - ko 52 Lo 36 76 L8 61
v pre: 219 369 toJ2l 377 393 306 Juu pLe) 390
Cr 194 b5 ’ 98 .r".ima 22 89 229 151 124 21
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TABLE 5.4 MAJOR AND TRACE ELEMENT ALALYSES OF DIABASE DYKES
KING GEORCE IV L]'AKE . * SHANADITHIT BROOK

5 ' . 81D 81D 81D 81D 81D
222-1 ggg;i 21%-1 3 +195~3 195-4  195-5 196-2 196-3

49.3 L7.2 L8.2 - 48,1 53.9 49.8 50.5 47.4
0.80 1.30 0.73 1.18 0.13 1.33 1.19 0.82
16.6 16.4 16.2 S 16.1 14.1 15.9 14,5 . 16,0
1.84  2.07 2.06 3.1e<>?¥2;15 4.37 3.02 2.22
7.66 6.48 6.86 7.9% 4 9.01 9.65 © 7.58 7.01
0.20  0.15 0.18 : .20 0.39  0.29 0.20 0.17
7.62 8,28 8.90 . 9.34 5.98 5.29 7.73 9.96
11.2 11,6 13.3 10.6 9.78 9.05 12,6 12.4
2.8 2.0 1.2 1.6 2.1 2.5 1.8 - 1.1
K,0 © 0.12  +0.09 0.11 1 0.12 0.23 0.16 0.12 0.10
P2°5 0.13 0.7 0.04 ' 0.10 0.0 0.1  0.07  -0.05
1.0.1. 2.04 3.63 2.0 1.83 2.17 1.52 . 1.01 1.64
Total °~ 100.31 99.78 100.29 99.97  99.97 10Q.32 98.87

2 ’ : 3 4
212 90 1‘18

21 32 28
ué -

k8 15
2 1 0
90 { : .95 148
20 : 3 17
29 : 169° 20
126 3 - 558 66
269 . 310 99

72 306 60

not detected

%
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TABLE 5.5  MAJOR AND TRACE ELEMENT ANALYSES OF OPHIOLITIC INCLUSIONS
IN THE BOOGIE LAKE INTRUSION
81D . 81D 81D 81D 81D 81D 81D 81D 81D
007 010-3 011-1 012 015-1 015-2 018-1 019 ouz2-2
SiO2 46,0 49,7 49.5 _ 48.6 -50.8 47.8 49,4 4Le.7 52.9
. Ti0,  1.57 1.49 1.37 1.14 1.77 0.82 1.27 1.69 2.06 .
C A1,05 15.0 i4.8 14.3 15.3 16.3 16.5 . ‘15.5 15.4 15.5
Fe,0, 3.56 2.99 Z.43 2.43 3.32 1.86 2.10 2.91 3.16
Fe0 8.66 8.95 B.74 . 7.57 6.41 6.92 8.52 8.08 7.43
Mn0  —UT16 0.22 0.26 0.19 0.18 0.17 0.21  o0.21 0.20
] Nigo 6.74 7.01  7.28._ 8.05° 6.36 9.21 7.47 9.10 4.39
€a0  10.8 11.6 10.% 12.% 8.72 12.1 11.5 10.1 . 7.12
Na,0 2.2 2.2 2.3 1.6 ‘3.0 1.3 © 1.9 2.0 C 3.
I K50 0.21 0.07 0.21 0.12 0.80 L 0.15 0.09 0.43
PO, 0.1k 0.13 0.10 0.07 0.34 0.03 . 0.08 0.22 0.35
L.0.I. 1.65 0.82 2.08 1.92 1.94 2.2 1.8 3.17 2.28
Total 99.69 99.98 99.07 99.39 99.9% 99.35 99.90. . 99-67‘ ) 99.13 - C
Rb 1 0 o o 15 6 3 5 5
sr 113 8L 91 80 277 96 11L 197 ° 297 ,
Y 55 56 . 34 06 25 39 3k 41 . i ..
Zr 65 80 62 53 164 33 50 101 188 | ’
No 3 2 .3 2 7 1 e L, - b
in 52 oL 77 81 97 63 . 93 . 90 107
Cu 0 12 11 .. 67 12 5 13 35 ©
Ni 37 - 52 96 722 - 65 153 72 192 1
Ba sl Lg 84 52 338 129 75 104 239
v 380 348 347 280 216+ ‘223 321 240 309
Cr 29 113 227 2k3 - 55 296 166 293 - 0
- . i ’ R
O= not detected
[ AN
‘
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- MgO content of the dykes from the Annieopsquotvch

Complex varies from 5.2 to 11.6 wt. % with a contindous
.variation that l1kely represents differing degrees of
fractionation, Mg0O in the other ophlolitic fragment .dykes‘

varies from 4.30 to 9.96 wt. X, a . slightly narrower range.

Rb, Sr and Ba are the only ‘'‘mobile’ trace elements

which <are reported for. the diabase dykes. U, Th and Pb
were sought for but all dykes ha{'e contents of these

elements at. the detection limit \o‘f° the XRF so these

.elements are not reported in Tables 5.\\3, 5.4, and 5.5. The

distribution Aof o ' these elements in dykes is modified
by the degree of alteration o;f‘ feldspar in th‘e‘ rocks and
the extent of Seawater : r'o'ck interaction. They are not
used on an.y‘of the discrimiin,ant diagrams. . )
N1i and Cr cor;tents of diabase dykes _ct;—vary ‘(Figure

5.1) and decrease rapidly with increasing FeO*/Mg0 of the

dykes. Ni varies from 21 to 276 ppm and these extreme

values occur 1in dykes with 5.15 and 11.6 wt. percent MgO

'

respectLVely; Cr contents vary from 9 to 518 ppm throﬁgh

4
.

the guite. 1In one dyke fron S’hanadithit‘Brook and‘ one from
an ophiolitié fragment in ;he Boogle Lake Intrusion only 10
to 11 ppm Ni is ptesént af Méo contents of 5.2% and 4.30
wte. perc..ent. Tpese two dykes have Cr contents below the
detection.limilt of the XRF.

V 1in diabase dykes of the Tomplex varies be‘tween 185
aﬁd 493 ppm. This element co-varies with Ti, increasing

& .

wisth fractiongtion (TaBle 5.3). Vv contents: of dykes. are

»

‘higher than those of the gabbros ahalysed (Table 5.2) and
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-

JFigure 5.1. Variation of Ni wvs. Cr'in diabase dykes (dots) and
pillow lava {crosses) of the Annieopsquotch Complex.
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the hiéhest values .are significantly greater tpan’those in
the pfllow lavas analysed (Table 5.6). This suggests that
\,M(e,re likely ‘are more evolved compositions in the pillow'

lavas than those analysed in this study.

r

‘5.5 SAMPLES FROM THE PILLOW LAVA ZONE

+
.
.

Relatively few pillows. were analysed 1in this study,
for* several reasons; l. possible repetition of the
sequgnce by faulting (Chapter 3), . 2. greater degree of

A\l \ .

»

deforqaation and alteration valohg faults parallel to the

stratigir.a{:hy and 3. pgreater \deg'r,ee of sea floor ‘alteration

than affected the diabase dykes of the sheeted dyke zone as

reflected in thedir hi_gher LOI and pervﬁsiye albite —-epildote
- : Y

veining of pillows and their pal_er green_colour (higher

chlorite conten;j. Eight éamples ;J;re analysed from .the

Aﬁ'hieopsqﬁotch Complex and six from the ophiolitic fragmentv

at King George IV Lake (Table 5.6):

CaO contents of the p{llow lavas vary from “4.93 .to

10.6 wr. X, however, this i1s not thought to be bntirel{

9

primary (magmatic) variation., Evidence prese\f:d in " the

n.ext s_ectio‘r} suggests that Ca has been mobile, d hds been
lost from Ehe rocks, likely és a result of alteration of.
P,lagrioclase"a_né clinop'y_roxehé; Nal0, Awh'icih“ .variesmt.'rdm'.Z.Z .
to 4.9 wt. X in the laves, is on averag'eA higher than 1in

the ~ diabase dykes. This too s likely an alteration

effect,




0= rot detecr.ed

TABLE 5.6

81D

MAJOR AND TRACE ELEMENT ANALYSES OF PILLOW LAVA

ANNIEOPSQUOTCH COMPLEX

KING GEORGE IV LAKE

81D 81D 81D 80D 80D 80D BOD 81D D b > D 81D
132-2  132-3 133-1 133-2 196-2  197-3 199 231 208-1 géa-z ’ 238-3 gég-u gée—s 209-2
$i0, 54.8- " 49,0 50.0 51.3  49.1 49.3 54.2 52.0 50.5 51.0 . L9.6  47.4 50.6 52.6
Tio, 1,107 1165 1.21 1,02 1,11 1.67  1.66  1.13 1.56 1380 1.65  1.71 1.2 1.03
A1203 ‘ 13.9, 15.3 16.5 . 14,4 15,70 14.8 13.9 - ik4.0 14.6 14,3 14,2 15.1 15.1 14.1 .
Fe,05 1:51 4,05 2.06  1.98 2.0 3.04 2.0k 2.73 4,29 - 6.03 3.74 4.37  2.38  2.38
Fe0 636" 8.58 B.01 B8.58  7.17  9.97 7.53  6.77 8.29 7.15 8.9  7.51 7.94  6.51
Nno . 0.25 0.23 0.41 0.22 0.26 _9}31 0.19 0.20 0.21 0.18 0.24 0.19 0.23 0.20
Mgo - 7.29 "7.32  7.06  8.85 7.83  6.36  S.ub  7.1h 6.50  5.05 7.04  6.25 _ 7.13  6.27
Ca0 8.37° 4,93 9.53 6.19 7.96  5.99 5.48 *92 7.00 6.02 7.77 10.6 8.77 9.14
NaZO y LN 4.4 2.8 4.1 3.5 L. 4.9 11 4,1 4,5 3.6 2.2 3.2 3.1
) K0 0.08 . 0.06 0.09 ° 0.07 . 0.05 0.04 0.05 . 0.07 0.10 0.11 0.98 0.11 0.45 082
Po0g 0.08 0.14"  .0.09 0,08 0,10 - 0.15 0.17 0.14 0,13 0.14 0.12 0.15 0,11 0.08 .
L.o.I. - 1.83  3.53  2.24  3.23 .3.82  3.28  3.43  2.23 3.31  2.67  2.78 4,30 2.70  3.16
Total 99,97‘_ 99.19 100.00 99.92 98.64 99.01 98,99 100.43 | 100.59 98.95 100.66 99.89° 99.85 99.39
RD 0 - ) 3 o .1 0 0 0 -1 b 9 1 11
Sr L8 33 112 85 127. 56 37 129 81 57 .130 L2, 191 148
Y 36 .. 53 36 32 35 52 54 29 - Le 62 . 56 55 39 32 ’
Zr Ly "B sk Ly 56 91 93 67 78 8l By 85 .59 b2
Nb 1 : 3 2 Y 1 2 6 2 3 2 i 1 0
Zn 79 215 189 109 149 111 115 111 102 111 109 110 90 83
Cu o 1 91 0 6h 0 0 53 0 0 18 22 43 37
Ni L7 b1 50 58 51 25 25 56 49 27 46 57 55 64
Ba L 48 . 55 . 4g Ly 42 0 53 59 48 46 -bs 118 45 109 134
v . 236 - 423 308 320 319 © 410 397 285 371 436 384 L59 331 295
Cr 234 . 388 148 243 166 4l 33 137 175 43 73 + 82 194 179

eeT




TABLE 5.7

RANGES OF MAJOR AND TRACE ELE@ENT CONTENTS
OF ROCKS OF THE ANNIEOPSQUOTCH COMPLEX

CRITICAL GABBRO DIABASE PILLOW TRONDHJEMITE
20NE (6) ZONE (16) DYKES (40) LAVA (8) (%)
40,2-46.6 48.0-51.7 47,2-52.1 49.0-54.8 52.6-73.5
0.09-0.21 _0.31-1.43 " 0.57-2.28 1.02-1.67 0.28-0.90
7.2-20.1 13.6-20.7 13.6-17.0 13.7-16.5 13.6-26.6
0.88-4.8 0.86-3.36 1.53-6.52 1.5124.05 0.24-2.08
4.66-7.17 4.33-7%39 5.31-10.9 6.36-9.97 . 0.58-3.15
0.10-0.21 - . 0.11-0.21 0.13-6.27 0.19-0.41 0.01-0.08
11.8-28.6" 7.25-10.5 5.2-11.6 5.44-8.85 0.85-2,54
6.05-13.5 11.8-15.4 . 6.,18-13.7 4.93-5.92 3,60-13.2 .
0.2-1.0 1.3-2.3 1.3-4.8 2.8-4.9 3.8-4.6
0.1-0.6 0.06-0.16 0.03-6,28 0.04-0.09 - 0.07-0.81
0.0r8-43 0.01-0.07 0.03-0.19 0,08-0.17 0.09-0.23
0.89-5.88 1.0-1.91 1.01-3.74 1.83-3.82 0.30-1.20

0-11 9-5 0-7 . . 0-3 0-28
12-52  54-125 41-264 33-129 132-400
1-8 8-33- 15-72 . 29-54 30-131
2-10 - 5-38 16-108 47-93 - 137-610
0-1 : 0-2 0-7 T 0-6 o 1-7
52-86 47-97 42-197 79-215 26-50
39-112 0-83 0-104 0-91 _0-8
276-1246 - - #1-112° O -276 . 25-58° 3-13
26-38 32-62 34-171 - 42-59 46-726
69-104 141-379 . 185-493 236-423 24-146
343-3027 40-402 9-518 - 33-243 ‘ 0-9

[y




- 5.6 DISCUSSION OF MAJOR ELEMENT VARIATION DIAGRAMS

LY

All rocks analysed have been plotted on the standard
AFM diagram. (Figuré 5.2). The samples from the critical

zone plot near’, or on,?the MgO-FeO' join reflecting thelr

f

very low contents of the alkali elements.., They plot

closest to the Mg0 apex reflecting their accumulation of

ferro-magnesian minerals. e

With the exception of one .8sample, 79HPAD029-1, all the
gabbro samples cluster along a tholeiitic trend at Higher
MgOAFeO than éhe dyke suite. The two gabbro samples fronm

Star Lake are higher in Mgo'than most of the Annieopsquotch

éabbros

analysed. The diabase dykes from. the
Annieopsquotch épmplex &Qg the other'ophiolitic fragments
show a thoieiitic trend of Fe en?icﬁment‘over a r;nge; of 
FeO/ﬁgO ratios from.:73fto 2.73. Seveta%kgykes.do overlap

the gabbro compositions and the gabbros and dykes together-

represent a continuum of compositions.

Pillow lava analyses plot to thehleft of thé diabase
dykes on .the AFM -diagram: reflecting * the gréater Na20
content of the pillows; .aﬁ average of 3.8 wt. % vs. 2.4
wt, 2 in ﬁhe dykes. This enrichment 1in Navis 1nterprg§ed

to be a result of albttization - of feldséats“ with fhe

reléasé”of'Ca.

}rOndhjghIteg piot_iéuards the alkali - éorhgrngf vthé 

.diagram but not on a single trend. They fall in the .

- : Lo
calc-alkaline fileld of Irvine and Baragdr (1971), - as

expected. - The chemistry of these rocks is discussed in

~




I

Figure -5.24. AEHbdiagram with all analyses plotted of
S0 rocks of the Annieopsquotch Complex.

@ . ' '
Figure 5.2B. AFM diagram with all analyses plotted of
‘ rocks of the ophfiolitic fragments of the

. Annieopsquotch ophiolite belt.

o
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'

ma jority of diabase dykes and pillow lava of the

more detéil below.
. On the Na20 + K20 vs. S1i02 diagram of Kushiro (1968),-
. ‘' ’

the Annieopsquotch Complex diabase dykes fall well within

‘the field of tholefitic‘basalt with total alkali contents

in the range 1.34 to 4.87 wr. % (Figute-S.SA). There 18 a

I
.

.

weak'positive correlation between total alkalis and silica

content of‘fhe dyked;

All gabbro, diabase dyke and pillow lava analyses from

the Annieopsqubtch Comple; have been plotted on the T102 -

vs., FeO*/MgO diagram (Figure 5.3B). The,gabbrds plot of f

."the -end of the- Skaétgaard tholeiitic trend but on the

genefal trend for all Annieopsqudtch dyke  and lab;
analyseé; The high-Ti gaﬁbro plots og the Skaergaard trend
with tﬁe dykes.

Serri{ (1981) used a variant of this " plot to
distingﬁish high and low-Ti ophiolites (Figure'S.ﬁ). The
only difference fronm "Figure S5.3B 1is the mefhod , §f
norméiizing tOtal{FeO on.;he gbecissa. On_this diagram all
knnieopsquotch samples, with the exception of one gabbro,
plot in the fieldvof-high-Ti cphiolites.

:Diagrams employing A1203, Ti02, K20 and . FeO* .plotted
égainst MgO have‘ been used to distinguisﬁ ma jor basalt
typ;s (Perfit et al., 1980). On these d1agrams4 the great

) -

Annieopsquotch Cbmplex fa1l 1n the restricted field of MORB

‘glaséés (Figure 5.5). . This  is strong evidence that the -

rocks are relatively fresh and that they"répresent true

MORB liqhid compositions.’

/




1

Figure 5.3A. Na20+K20 vs. S§102

diagram (after Kushiro,

1968), for diabase dykes of t{f Annieopsquotch

pomplex.

»

N
}

Figure 5.3B. T102 vs. FeO*/Mg0 diagram showing

tholeiitic trend

and analyses

Annieopsquotch Complex. Symbols as

S.ZA. Skaergaard
clearly similar.

and Annieopsquotch

Skaergaard
from the
in Figure
trends are
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Figure 5.4. T102 vs. FeO*/(FeO*+Mg0) diagram showing high-Ti and
low-T1 ophiolite fields after Serri (1981). Gabbros (squares),
diabase dykes (dots) and pillow lava (crosses) of the )
Annieopsquotch Complex all fall in-the high-Ti field, with N
one exception, ‘ : :




Figure 5.5. Major element variation diagrams (after Perfit
et al., " 1980). Fields of intraplate basalts,

crystalline MORB's and MORB glasses are outlined.
Most diabase dykes and pillow lava of - the
" Annieopsquotch Complex fall 1in the restricted
fiekd of MORB glasses 1n all diagrams.
A. Al1203 vs., MgO '
B. T102 vs. MgO
C. K20 vs. MgO,
D. FeO* va, MgO







. Many island arc basalts, which cover a wide chemical

spectrum would - also fall in this fileld. - Perfit et

ﬂ.,(l98\!’hnoted that the most {mportant difference in

ma jor element contents between MORB and island arc basalts
1s the very low content of K20 in MORB. They noted that
MORB have K20 contents lee;a than-'l wt. 2Z with many less
than 0.25 wt. Z, while most 4island arc basalEé contain
more than 2 wt. 7.;__I(2AO. K20 contents of dykes from the'
Annieopsquotch Complex vary between 0.03 and 0.2§ wt . Z.
Dyl;es  from the other ophioiitig fragments studied have K20
| contents between 0.07 and 0.80 wt, Z (Table 5.5). K20
confents of pillo.w lava analysed vary little and-are 0.04
to 009 we: %, V ) _

Ca0/T102 and Al1203/T4102 ratios plotted against T102
content of dykes and la\;as of the Annieopsquotch Complex
shoﬁ a regular v}ariat&on (F:igure 5.6). _They fall {in ~the
MORB-  field and in fact extend that field, drawn by Sun and
Nesbitt (1978}, to "J}igher Ti02 contents. The maximum Ti02
content of a - dyke 1s 2,28  wt. Z. One dyke from
Shanadithit Brook .plots- near the field of Betts Cove
_high-Mg laya, but is in; fact, lower in Mg0 than many of the
dykes from the Annieopsquotch Complex (Figure 5.7). This

.

dyke 1is anomalous. A few analyses thact plot 'below the MORB
. .. ‘

field in the diagram invoving Ca0 have 1likely 1lost Ca :

groundmass plagioclase is"stronély altered to mixtures of

Albite, epidote, chlorite and rare carbonate 1in many dykes..

Most pillow analyses are low in Ca0 relative to the dykes.




< 14

5.6A,B. CaO/T\ and "A1203/T102 vs.  T102 d'iagiams
(after Sun amg Nesbitt, 1978), showing fields of

komatifites and ¥g basalts, Betts Cove high-Mg

lavas (symbol / . and MORB. Diabase dykes and .
pillow lava of jthe Annieopsquotch Complex fall in

the MORB fieldZ '~ Some dykes and all lavas plot to
the low-Ca side of the field .in Figure  5.6A,

This is attributed to loss of Ca as a result of

seafloor alteration; see text for discujsion.

-
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Figure 5.7

N4

[N

A,B. Ca0/T102 and A1203/T102 vs. Ti02 diagrams
(after Sun and Nesbitt, 1978), for ophiolltie

fragments. Explanation as for Figure 5.6.

Analyses of dykes and pillow lavas plotted using
the same symbols as Figure 5.2B. The majority of
samples fall in the fleld of MORB, . :
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5.7 DISCUSSION OF TRACE ELEMENT VARIATION DIAGRAMS

w

Pearce (1975) used a plot of Ti agalnst Cr to separate

ocean floor 'Basalts from island arc baéalté. Dykes from

the Annieopsquotch Complex plot 1in the field of ocean floor

basalt, except for Cr contents undet 30 ppm. These fall in

the island arc field (Figure 5.8). Magnetite is present in
some pockets of high level g%bbro. It is suggested thart
fractionation of nagnetite late "~ in the crystallfzation

- history wmay have reduced Cr contents in some late dykes.

Pearce and Cann (1973) used contents of Sr and the:

‘immobtle’ elements; Ti,Zr and -Y to distinguish’ the

eruptive setting of basalts. of Cenozoic ‘and recent age.
. The fields shown on theie diagrams were empirically derived
from anélyses of thousands of samples from known tectonic

settings (Figure 5.9).

ﬂoiagréms 1nvol§ing‘8r were not used - to discriminate

between altered basalts due to evidence for the alteration

of feldspar and mobility of Sr with Ca (Pearce and Cann,

1973).

.

On plots of Ti/lOO—Zr-Y*S and Ti vs. Zr (Figure 5.9),
';ftgr Pearce and Cann (1973) and Péarce (1986), analyses
fail partially in the fields ofl‘ocean floor basalts . and
low=K tholeiites bpt show a trend to low Zr contents. The
ﬁain concentration.éf dyke analysés (31 samples) - plots to
the low- Zr side of all the fields delineated by Pearce and
Cann (1973), The trend 1n the anélyses is .somewhat

regular, away from the Zr corner, suggesting that a mineral

149




Figure 5.8. T{ wvs. . Cr aiagram (after Pearce, 1975),

‘showing filelds of ocean floor basalts and i{sland

arc tholeittes. Diabase dykes and pillow lava of
the Annieopsquotch Complex fall mainly i{in the
field of ocean floor basalt, except at Cr
contents less than 30 ppm.: '







Figure 5.9A. Ti/100°: 'Zr : Y*3 diagram (after Pearce and
Cann, 1973), showing fields for within plate,
calc-alkaline and ocean floor basalts and low=-K
tholeiites. Diabase dykes of the Annieopsquotch
Complex plot in the ocean floor basalt field

and
.’ to the low-Zr side of all fields.

.

3

Figure 5.9B. Ti vs. Zr diagram (after Pearce, 1980),
: showing the fields of arc and within plate lavas
and of MORB. Diabase dykes of the Annieopsquotch

Complex fall in all fields. ' They follow the MORB

trend but are displaced to the low-Zr side of the
field. ‘ ‘
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thch encorporates Zr may have crystallized 1in the magma
chémser that 1s the source of these dykes.

Z{rcon has been identified in ‘high level’ gébbro. of
thé Betts Cove, Bay of.'Islands and Pipestone Pond Complexes
-0f Newfoundland by crushing large samples ()66 kg.) aéd
performing heéQy iminetal gepa;ations (Chapter 7; Dunning
and Krogh, 1983; and unpublished information). 'It ﬁas nQt
bgen found 16 gabbros of the Annieqssqgoich»cgmplex,-but

[} .,
has fiot heen sought in the same wmanner, If zircom 1is

present 1id <some gabbros, Zr cannot properly be considered
to-be an incompatible element in some dykés3 This would

seriously ‘reduce the wusefulness of discriminant diagrams
employing it.‘

Pearce (1980) introduced a plot of Cr vs. Y to more
easily discriminate between_bagalts erupted in 1sland arc
Qnd MOR settings. Therelié essentially no overlap between
these two groups on this diagranm .(Figure 5.10). 'The
majority of diabase dykes and pillow lavas aqpnalysed from
- the Anhieopsqu&téh C;mpiei fhll in the MORB field but some
define weak trends to 'Cr poor compositions.

The trend of dyke and pillow ;analyses - to low Cr
-contents, which takes them into the field of within plate
basalts, 1s not interpreted to be of great significance 1in
determiniqg the: tectonic setting of these. lavas. Réthér,

it is thought to result from early fractionation of olivine

and clinopyroxene which, due to their high partition

coefficlents for Cr, would have the - effect of rapidly

depleting this element in the 1liquid. Pearce (1980)4
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Figure 5.10A. Cr vs. Y. diagram (after Pearce, 1980),.

showing field of island are tholeiites and -
overlapping fields of within plate’ basalts and
MORB. Diabase dykes and pillow lava of the
Annieopsquotch Complex fall in all fields. They
fall., mainly in the area of overlap but extend to
very low Cr contents.

o

Figure 5.10B. Cr vs. Y diagram showing outlines of ranges
‘of analyses of . dlabase dykes and pillow lavas
from Figure 5.9A and best fit 1lines (fitted by
eye) for the data. There appear to be two
separate trends but they are not constrained by
many analyses. The steeper trend is consistent
with olivine and pyroxene (+ spinel?)
crystallization. The shallow trend may result
from a greater proportion of plagioclase
crystallization, as suggested by Pearce (1980).







attributed the -shallowing of the trend at Cr

compositions to late fractional <crystallization

mineral assemblégé including abundant plagioclase.

B .

T102 and Y contents of lavas were used k.:y‘ Perfit et
al. (1980) - to distinguish tholeiitic bésalté from
diffe.rent oceanic ‘tectonic sett‘ings. (Figure 5,11A), The
:1‘1/‘1 vra«tio is ']iowest for ‘N;_Type (normal) MORB. 'Ana,lyses of
gabbros, diabase dykes - and p.illow lavas of the
Annleopsquotch Complex de}fine a linear trend (fitted by eye
in Figur"e 5.11A) which is consistent over aA wide range of

TiOZ and Y contents. This trend 1s most similar to that of

N-Type MORB but has.a slightly lower Ti/Y ratio. - The low

T102 and Y contents of the, gabbros could be due to

se"pération -of 1interstitial. 1liquid enriched ; thase

‘elements,
: Various trends on this diagram can be related to .

»

fractfonation of different mineral aésem_blageé in . the

= .

source magma chambers., This 1s shown i1in the i{inset 1in

Figure S5.11A, Mineral.liquid partition coefficients were

.

taken from Pearce and Norry (1979). The Annieopsquotch
trend 1s consistent with a combination of clinopyroxene,
olivine and i'al'agioclase fractionation. Because all three :

minerals produce similar changes in the abundances of both

. .

_‘elemept’h, it 18 not posgible to say . whether or mnot all
three minerals are . involved. All three minerals are

' Qesegt.in the cumulate and massive gabbros of the plutonic

- zone of the Complex.

’ Figure 5.11B shovws analyses of diabase dykes and lavas




Figure 5.11A., T102 vs. Y diagram (after Perfit et al.,
1980), showing trends for tholeiftic basalts frem
d¥fferent oceanic tectonic settings. E-Type MORB
and N-Type MORB are from lceland and éurrounding
~sea floor. . : ' . .

Annieopsquotch data define a linear trend

- that 18 mosét similar to N-Type MORB. Mineral

fractionation trends, based on partition

coefficients - of Pearce and _Norry (1979), are

shown on ‘inset  diagram., = Ticks . represent

increments - of 10 wt, Z . fractional

. crystallization. ~ Annieopsquotch . trend is

consistent with a combination of plagioclase,
clinopyroxene and olivine fractionation.

[ 3

Figure 5.11B.. Same diagram as "1[1 A showing data f_\t;om
i ophiolitie fragments of the Annieopsquotch
ophioclite belt. _ 'Symbols as in Figure 5.2B. The
ma jority of samples fall -on -the Annieopsquotch
trend.  One dyke from Shanadithit Brook is
clearly anomalous. :

'm

)
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from the ophiolitic fragmeﬁts. of the Annieopsquotch
ophiolite belt plottied on t;e T102 vs. Y didgram with the
Annieopsquotch * mplex trend from figure 5.11A., The
ma joxrity of samples plot on the trend but several are off
to either si&e.‘ One. dyke, from the fragment containing

sheeted dykes at Shanadithit Brook, 1s clearly anomalous as

‘it is in some of the other plots.

Zr, Nb and Y abundances have been used to characterize

"MORB s, | Ratios of these elements have been shown to vary

systemétically through- -the serfes N-type (normal or

depleted) MORB through T-type (transitional) to E or P-type

(enfiched or plume-generdted)'HQRB (LeRoex et 1&.,1983).

N-type MORB bave Zr/Nb ratios (17-64) greater than
chondritic and low 2r/Y ratios (1.8-3.6) according to
Erlank and Kable (1976). Zr/Nb ratios decrease and Zr/Y

. , ®
ratios increase through T-type to P—type MORB.

Diabase dykes of the Annieopsquotch Complex have

anomalously low _Zr'contenps. These are interpreted té be

primarily a source chatactefistic. Nb contents vary"frop

<1 to 5 }pmvso pt;cigiontis podr for this element (f/— 1

ppm, 1le; - +/- 100 % fofrmany,of the mea;ureﬁengs). The Nb
! .

data may represent minimum estimatés and Zr/Nb ratios then

may be maximum estimates. Kehp;ng these qualifications 1in

mind, Zr/Nb ratios for the diabase dykes vary from 8 to 70

e

and only fhree samples have Zr/Nb ratfios less than 20

(Figure 35.12). . These are clearly in the range of N-type

€ .
MORB, as P~-type MORB have Zx/Nb ratios of 6 to 7 (LeRoex et

1.,1983). o
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Figure 5.12. Y/Nb and Zr/Y vs. - 2r/Nb diagrams, after

Y

LeRoex et al. (1983), for-diabase dykes of the

" Annieopsquotch Complex. Best fit 1line (short

dashes) to the dyke data drawn by eye. Trend of

N-type MORB from the southwest .Indfan Ridgef

(LeRoex et al., 1983) shown by long- dashed line.

Annieopsquotch dyke trend is similar to.-that
of N-type MORB but 4is displaced to lower Zr
contents, Note: Accuracy of the Nb andlyses 1is
+/- 1 ppd,lso at low abundances the uncértainty
in the absolute value is large.
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Zr/Y ratios for diébase dykes qf the Anniéopsquotch
>C§mp1ex &ary ffoh 0.8 to 2.7 with wmost in the range 1.3 to
- 1.7 (Figure 5.12). These low 2Zr/Y are expected for N—-type
MORB (Erlank and kable, 1976), and are significantly lower
than those characteristic of .T-type (3.6-6.2) or P-type

MORB (6.1-7,9).
Y/Nb ratfios are highest for N-type MORB (5-20),

intermediate for T-type (1.5-4) and approximately 1 fof,

P-type  (LeRoex et 1.,1983). Y/Nb ratios for

Annieopsquotcﬁ diabase dykes are 1In the range 6 to 54
(Figure 5.12). Some h1é§>ratios m;y be overestimates due
to the poor prebiqion of the ﬁb measuremenf. Nevertheless;
even the lowest values are clearly {n the range of N-type
'MdkB.

o

5.8 CLOSED, OR OPEN SYSTEM FRACTIONATION 2

5.8.,1 Introduction T )
Diagrams involving FeO* or Feo*/HgO‘Qa. "Zr were used

by Sterm and de Wit (1980) <to distinguish between the .

Sarmiento Complex, which shows evidence of <closed sygtem N

fractionation, apdrthe Tortuga Complex yhich und:fwent ppenr - SN
system ffac;ionation. A ateepef 8lope is seen in ‘Figure>

5.13 - for the Sarmiento Cémplex becaqée w{th closed'syétem;*“*
frectionation the Fe content of the \nagna lncregsee

continuously. In an open sBystem (d’Hara, 1977) new 1ngyfs

of magma buffer the FeO*/Mg0 ratio by introducing more

o e

_‘ -
\.\ . > e .
- . . . . i s




Figure 5.13A,B. FeO* vs., Zr and FeO*/Mg0 ve. Zr diagrams
(after Stern and de Wit, 1980), on which are
plotted the differentiation trends for  the
Tortuga and Sarmiento Complexes of Chile. The
former underwent open . system fractfonation and
shows large increases in Zr content of the rocks
with small d{ncreases 1in FeO*, . The latter

underwent closed system fractionation and shows.
.smaller increases in Zr content over the same
range of Fe0*, The trend defined by gabbros,
diabase dykes and pillow lava of the
Annieopsquotch Complex (fitted by eye) shows
small increases 1in Zr content with 1increase in
FeQ*, suggestive of closed system fractionation.







166

»primitivé (highep MgO) magma into the fractioﬁéting magma.
Zr, however, contjnues to build up in the magma (if 1t 1s

‘not being removed by a fractionatihg phase).

’
5.8.2 Annieopsquotch Trend - Size of Magma Chambers
Diabase dykes of tﬁe Aqnieopsquotch'Complex define a
. - tggna (fittedl by eye 1in’' Figure 5.13) that is steep,
| cqmpafable to that of thg Sarmiento Complex. }? 18 fixed
at’ its low end by the gabbro analyses, and the pillow iava
. ;f the Complex also plpt on the trend. The ent1re treand 1is
) shifte& ‘to-ulower"Zr contents than that of the Sarmiento
Cdmpiex.

Clbséd'sygrqm fractionatiog has been related to the

slze and posftion %f ﬁagma chambers ﬁeneath a spreading

, ridge by‘Stein’and‘de Wit.(l980)} ‘They suggested that ag a

‘_\\' » { - slow: sbreadiﬁé ridge both ;pen‘ and closed system magma
- chamﬁéfs'wou;d.octur,rthe former being located .below the

éxia; 'céntfe ”of the rift valley and thus most likely to
recéi;e'qeyvbalches ‘of magma from the ﬁantlef Closgﬁ

. s}stem hagﬁa chambers wobuld occur peripherally, The

s résuli, as bbseg;ed within the Mid-Atlanttc rift valley by

l

Bryan _and Mbore (1977), +would be a greater abundance of

1

moteﬁffec%ionateﬂ lavas erupted along the flanks of the
0 . I rtfe v’a-lley. |

. . IR Sterm and de Wit (1980) suggested that an open system
m;gma chamber éenerally occurs beneath a fast spreading

ridge where magma supply is éufficiently frequent. This is !

consistent with the geophysfical evidence for a large magma

. Y




. :

chamber_ beneath the fast 'spreading East Pacific Rise

(Orcutt’ et al 1975),

The evidence from the ma jor = and trace element
geochemistry of diabase dykes of the Annieopsquotch Complex
“is compatible with ciosed system frectionation, as noted

above{e and therefore with the presence of small, discrete

‘magma chamﬁers in the plutonic zone.

5.9 GEOCHEMICAL INDICATORS OF SPREADING RATE

The T102 content = of lavas has been used as an

indicator of spreading rate by Nisbet ‘and Pearce (1977) and

W

Gale and Pearce (1982). The latter showed that different

ophioclites in the Norwegian Caledontdes have different mean

i

Ti02 conténts that 1ncrease from north to south

-

T102 contents of diabase dykes and pillow lavas from

the Annieopsquotch Complex and the other “ophiolitic

fragments are plotted with those o{AiNorwegian. ephiolite'

lavas from ‘Gale and .Pearce (1982) 1in Figure 5.14A,. Vhile

the Annieopsquotch data show a wide distribution, the mean

s 1.26 wt, %, lower than that of Spitzbergen or Lokken,;

the slow sprehding centre ophiolites of Norway.
A diagram using Zr/Y vs. 2Zr has been“used to edtimate

spreading rate by Pearce (1980) and Gale ‘and Pearce (1982)

The contours (Figure 5. IAB) repreaent mean analyses frem

present day MORB  localities. On these the higher Zr

contents reflect greater spreading rates and the Norvegién
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Figure 5.14A. Histogram of basalt T402 contents (after

‘Gale ‘and, Pearce, 1982). Ti02 contents 'of
Norwegian ophiolitic lavas are shown on the lower

.five plots, and those of diabase dykes (white) and

plllow lavas (black) of the Annieopsquotch
Complex and other ophiolitic fragments (dlagonal
lines) are shown at the top. Mean Ti02 contents
and the number of analyses (in-brackets) are

"shown at the right. The mean Ti02 content is the

lowest for the Annieopsquotch Complex and, by the
correlation of Nisbet and Pearce (1977), would
imply that 1t’formed at a slow spreading ridge.

v

Eiguré 5S.14B, 2Zr/Y ve. Zr diagram (after Pearce, 1980),
contdured according to spreading rate based on
present day MORB localities. Fields of Norwegian

ophiolites shown indicate the same relative
spreading rate as do their TL102 contents.
- Diabase dykes and plllow -lava of the

Annieopsquotch Complex are widely scattered on '
this plot and" have - lower Zr contents than the
Norweglan lavas. The star represents the average

of the Annieopsquotch diabase dyke data (2r/¥Y= "
1.6, Zr= 57 ppm) )







ophiolite lavas plotted on this diagram have the

relative spreading rates as were determined by their

contents.

Analyses of diabase dykes and pillow 'lava from the

Annieopsquotch Complex, plotted on Figure 5.14B, show a

wide scatter and have lower Zr contents than any of the
1 : a

Norwegian ophiolites. A mean value for all dykes and. lavas

is shown by the star, however 1t isfnot considered ta be bf;ha

great significance in identifying the spreadihg rate.

In summary, the author 1s skeptical of the validity of:

R T .

. - e .

using TiO2 or Zr contents of basalts to infer relative (or

even worse; absélute!) spiead{ng rates. The former does
, ’ .

some regularity, howeverﬁaome of the Norwegian plots

‘ : i
only a swmall - number of analyses. " Zr contents
certainly do not give a ﬁeahlnngl result in the case of

'

the Annieopsquotch Complex.

5.10 GEOCHEMISTRY OF TRONDHJEMITES

5.10.1 Major Elements
The major element chemistry of trondhjemites of the
Annieopsquotch Complex is quite variable (Table 5.8). 5102

contents vary from 52.6 to 73.5 wt. %, a very large range

which.-ia partly matched inversely by A1203 contentsy 13.6

to 26.6. wt. Z. The total Si02 + A1203 range is thua ﬁorﬁ
. - P )

limited, varying from 76.6 to 87.l‘vt. zZ. - Co

° -

The A1203 contents of three of the four samples from

e




TABLE 5.8. MAJOR AND TRACE ELEMENT ANALYSES
OF TRONDHJEMITE AND DIORITE FROM THE ANNTEOPSQUOTCH COMPLEX
AND TRONDHJEMITE DATED FROM BAY OF 1SLANDS COMPLEX

{

1

79D 79D 80D “80D sopl

163-2 250 222 223-1 257

*73.5 52.6 53.7 63.6 . 76.6
0.28 0.41 .90 0.63 0.15
13.6 26.6 .9 16.3 12.6
0.88 0.24 .08 1.44 1.36
1.30 0.58 .09 3.15 0.89
0.01 0.02 .05 0.08" 0.01
0.85 1.22 .54 1.85 0.13
3.60 13.2 14 6.25 0.49
4.1 3.8 4.6 4.2 . 6.6
0.64 0.07 0.81 0.17 0.11
0.09 0.10 0.23 0.11 0.04
0.51 0.30 1.20 0.65 0.43
99.36 99.14  100.24 98.43 99.41

Rb 15 0 28 2 3

£00 112
Y 30 95 131 . 63 65

449 38
Nb ! 7 3 4 1
Zn 29 26 34 50 93
Cu 8 3 0 O 74
Ni o 3 o8 13 9 83
Ba 726 o6 240 106 69
v 24 4 98 146 343
Cr 6] [¢] 9 0] 51

1Samples for which U/Pb (zircon) ages determined (Chapter 7).

. 0= not detected




the Annieopsquotch Complex fall in the field of high-A1203

trondhjemites (>16 wt. %2 Al1203) of “Barker et al, (1976).

. . ¢
Malpas (1979a) suggested that high A1203 contents of

SO ——

trondhjemites from the Bay of Islands C\o.lﬂplexkn—light result
from accumulation of plagioclase. .

Ca0 varies with A1203, as t.)oth‘are components of the
ma jor r:oc.i(. forming mineral; plagilioclase.

Na20 and K20 contentg have been used to distinguish
between continental and o;:eanic silicic rocks since the
early work of Coleman and Peterman (1976). On a plot of
K20 vs. §102 :he_y outlined a field of oc;eanic
plagiogranite with lower contents of K20 than continental
trondhjemites and granophyres. Malpas (l9»79a) found that

Bay of Islands  trondh jemites plotted 1in two distinct

groups, one at lower K contents than the oceanic

plagfogranite field and the other straddling the oceanic-.

continental boundary. He suggested rthat plagioclase
accumulation migiﬁ‘t have effected this~ separation, The four
Annieopsquo‘tch samples are widely ‘scattered‘ on the K20 vs.
$102 diagra!n (Figure 5.15); only one sample, 80HPAD223-1,
plots squarely in the oceanic plagilogranite field.\ Two of
thes'e sémples are dyke material which do not appear to have
accumulated plagioclase cryptals..

Na, K and S1i are mobile elements during hydrothermal
.processes and 1£ is unlikely that t.heir concentrations i1in

oceanic plagiogranites will . serve to elucidate their

relationship to the gabbroic rocks. More likely, differing

Na and K contents are due in part to 1interaction with a
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Figure 5.15. K20 vs. 5102 djaggan for trondhjemite)_
after Coleman and Petermanrn (1975), showing fields
of different continental (high K20) and oceanic .
rocks (low K20). The ophiolitic trondhjemites
and diorite cover.a wide range; only one sample,
80HPAD223-1, is clearly in the oceanic

plagiogranite field. Numbers are keyed to Figure
5.16. . :

-4

Figure 5.16. Ba, Y and Zr vs. Ca0O dlagrams, after Malpas

' ‘(1979a), showing fields of Bay of Islands (BOI)
and Little Port Complexes (LPC) and trondhjemite
and diorite analyses ' frop the . Annieopsquotch
Complex. A wide scatter 18 apparent on all
diagrans. Analyses 4 and 5, the core and margin
of a trondhjemite pod in gabbro, show that the
core 1is enriched in Ba and Zr -and depleted in Ca0
relative to the margin.
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volatile phase’ Na/K ratios* inm the four samples are

B

variable; 5.6, 46.7, 5.0 and 22.9.

5.10.2 Trace Elements

. Trace element <contents of° the four trondh jemite

samples are also quite variable. Rb contents, O to 28 ppm,-

. ¢ :
are proportional to K20 content and .are likely

redistributed.

Sr, also a fmqbile' element, is enriched in
trondhjemite rglative to the gabbros analyseé (Table 5.2,

Py

maximum Sr° in * gabbro; 125 ppm) .déspite extensive

plagioclase fractionatfion to'form the gabb;oiC’rbékss"Sr

is -preéumably contalned in the feldspar in "fhe
;rondhjemites but‘ its higﬁ coﬁcentration, especially 1in
samples 79HPAD250 and B8OHPAD222, @ay_ be due to elther
hydrothernal effects or'plagioclééé,aécuﬁulation. '

Y and zr, both ‘immobilé' incoqpafible ;zpce elements
_are)enriched in trondthmite relative to gabbr; (Table 5.2:
maximum Y; ' 33 ppm,_Zfi 38 ppm), -as expected. It would
appear "from \the high contenté“ of these' elements that
samples 79HPAD250 and ' 80HPAD222 are thé moSt | highly
diffe£entiated. However they are lowest i; 5102 ‘and
highest 1in K1563 and Ca0., This 1s‘a'ref1éction of the near
monomineralic nature .Of the  rock, but mighf‘ reflect
leaching of S1 with K and retention of ,‘immobile’ LAl, Zr

and addition of Na and Ca by a volatile phase.

. Ba is variable and ‘mobile’. Malpas (1979a) used Ba,

Y ‘and Zr, ~ each, plotted ragalnst Ca0 to separate

176
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trondhjemites'fro; the Bay Islands Complex and the Little
Port Complex. - The former” were found to have higher

contents of all-three trace elements, however Ba “contents

show the. most 'overlap between suites. Sample 80HPAD257

plots with the Little Port Complex on the Ba vs. Ca0

‘. - '

diagram but with the Bay of Islands Complex Samples on all

other diagrams (Figure 5.16). Likewise, two Ann&eopsquotch

trondhjemites, " 79HPAD250 and 8O0HPAD223-1, plot with the

Little Port Complex samples on the  diagram involving Ba,
& .

but with Bay of Isiand§ samples on -the Y and Zr plots,

however at higher CaD contents than either of the latter.

- -~

5.10.3 Generation of Ophiolitic Trondhjemites
Dixon and Rutherford (1979) demonstrated by experiment
that ﬁlagiogranite could form as an }mmisciblquiquid from

basalt of MORB chemistry. They shgéested that ‘lafe 'stage
Nt ’ . :
Fe-rich ‘bédsailtic magma would be the host from which the

&
i

silicic 1liquid separated, so that one might expect the two
to be associated 4in the figld. " In the Annieopsquotch

Complex, obvfggé_ Fe~rich gabbros . (not analysed) with

13

abundant magnetite clots . occur' locally at . the top
1 N '

(southeast) of the gabbro zone and as screens: within the

sheeted _dykes, However, these are ‘notlassociated with
trondhjemite bodies as far as is known. 'fhe troﬂdhjém{te‘
breccias, full of mafic .blocks, occur 1in average‘coarse

grained gabbro. Therefore an origin by -separation' of an

fmmiscible liquid is not thought 1likely for these bodies.

Sinton_and Byerly (1980) deiéiibed gran&ﬁhyric patches

e

N,




\

in three- thick basalt flows (or sills) from the western

. ~ Cd .
Atlantic in DSDP hole 417D. They noted that these patches

have Na/K ratios greater ‘than . 10 whereas fresh silicic

glasses in MORB havye ratios -less than 10 and higher K20

contents, The crystalline granophyre patchesc have far

-

lower K contents than ,gbuldu be explained by crystal
fractionation of. basaltic magma, according to the modelling

of Sinton " and ByérLy‘ (1980)" As the patches” are

A

essentially anhydrous, _they‘kinvokeg lakte magmatic vapour:

phase transport of K to explain the-low K contents relative

LN

to . ocean floor silicic glasses. The problem of the source

of the ?apour phase was not addressed.by Sinton and -Byerly»

(1980).

Gregory and Taylor (197@) suggested that the absence
-

of K 1in plagiogranites may be related to exchange with

¢ 4

seawater. Bésed on 0 isotope data, they §uggested that
plagiogranite in  the Omans. ophiolite, which has L border
phase rich 1in xenoliths (>752) of-alteréd diabase,L gabbro
;nd hornfeis, formed by assimilation of hydr;ted roof rock.

v

order facies’ material, which is

.

They observed a ratio of
mainly xenoiiths, to plagfogranite of 2.5:1 and noted that

they s{it in coarse grain d‘cunulate‘and hornblende gabhbros.
L v, . : : ‘
Gregory and Taylor (1979) further suggested 'that the

crxstarlfzation of hornblende from wmagma made hydrous by
assimilation of hydrated roof r09k“makes the remaining'mélt

7 : . ‘ N . ’ .
become oversaturated’ with stlica and forces it to a

plagliogranite end member.
‘The “association of hornblende-- rich diorite with
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t}ondhjemite at ‘sample location SOﬂPADZZB + is _noted in
Chapter 3 as 1s the churrenée of pegmatitic Eornblende in
the gabbro and trondhjemite {itself. This mechan#sm,
1nvolving assimtlation of hydrated qiabase 'andlkgabbro
%locks, therefore seems reasonable to explain the presence
of some trondhjemite pods in the Annieopsquotch Complex.

[

Because of the effects of fluids in the generation of

K .

“ophiolitic ‘trondhjemites 1it° {is wunlikely that thefir

chémistry will'show‘regular Erends"on_ X~-Y plots, 'Rathér
they will vary with degree of assimilation of mafic blocks

and interaction with and element transport -by a volatile

phase.. Note (Table 5.8) that Na20 contents are relarively

~constant but K20 contents vary by an’ order of magnitude.

The vast range- of Na/K ratios recorded in the four
: o . v .

trondhjemites analysed from the Annieopsquotch Complex

therefore 1likely. result from fluid “1nteract}6n, likely .

superimposed ‘on differing original K20 conﬁents,perhaps in

the rarnge for fresh silicic glasses analysed by Sinton and

Y .

Byerly (1980). - - L ) ‘

5.11 RARE EARTH ELEMENT CHEMISTRY

‘¢ »
) . .

Rare earth element contents (REE):wepeﬁdetermined .for

four' gabbro, six diabase dyke,‘five pillow lava ahd two

trondhjemite samples from the Annieopsquotch Complex. They

are reﬁorted in Table 5.9 and plotted, normalized to the

chondritic values of Taylor and Gorton (1977), in Figure

1]
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S.1r,

| An Increagse . in RéE conten{ ocun; through-‘ the
sequence; ~gabbro,diabase . dykes ' and"g%liow ‘lava 'to
trondhjemite. La and dyke patterns Largel; overlap. The

1

trondh jemite samples analysed are those used t determine

U/Pb (zircon) dates for the Complex {Chapter 7)

v

Nt -

5.11.1 Diabase Dykes and Pillow Lava

.Ele;en samples weére analyse# that can reasonably be
1nterpreted tol represent bas#lt#c liquiﬂ compositioné,of
the ophislite. The dykes ﬁnaiysed cover‘ the spectrum of
Hgo-‘concents determingd fogithe pheetequyke zone (Figure

5.18)¢ The pillow lava samples are more altered than - the

dykes and therefore results from Phir-shédld be interp;efgd'

with some cautign (Figure 5. é).

-One diabase dyke and two pillow lava samples have REE

-~

patterns -and abundances 'sih{lat to that of the most REE,

enriched gabbro. Four diabase dykes have patterns that aré
‘essentially identical and they plot™ together in Figure
5.18. One diabase dyke, 80HPAD122, has a flat REE pattern

with abundances approximately 30 times chondritic. This is

the most LREE enriched sample of: the dykes-of lavas.‘ Two

lava samples, B80HPAD197-3 and 80HPAD23]1 have similar La

a

"contents but their

the other dykes. foﬁr -pillow lawa samﬁlqs have . REE

patterns that generally.match,those of the four similar

dykes. This 1s to ©be expected because, in general, the
%ykes are their feeders. - k . '

.

HREEAconpéhts are slightly depleted‘like.
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TABLE 5.9 . RARE EARTH ELEMENT CONTELTS OF R0CKS
*  OF THE ANNIEOPSQUCTCH JOM. LEX

’ GABBRO * DIABASE DYKES )

790 790 79D - 80D . 79D 790 79D 79D 800 - BOD

143 144-1 153-1 129-1 109-2 237 260 241 081 122
La 3.10 64 237, 1.23 y 2.89 2.20 3. 343 4,21 8,21
Ce 4.B2 1.04 .- 3.75 |11.19 5.5% 11,61 11,91 13,43 21,70
Fr. .70 .52 - 67 2.40 -4~ 1.79 2.06 2,28 3.24
Nd  5.44° 2,56° 3,10  3.51 {12.92 6.12 12,01 11.46 13.06 15.80
Sm 2.47 © 1.01  1.93 1487 | 5.72 2.43 4,88 3.79  5.33 5.35
Eu  1.25 ~1.03 .73 1,08 | 2.53 1.32 2,31 2.53 1459 1.93
Gd' 1.95 2.25 2.60 2.14_| 6.99 3.88 - 6.67 £.17 6.83 6.88
Dy 1.91 1.77° 3.18 2.69 | 7.06 4.04 702 7.10 7.63 8.16
Er 1.}# 1.26 1.68 1.62 3.36 2.36 3.98 3.43- 4,98 4b.79
Yb 1.56 1.76 . 1.20 1.06 | 2.26 1.84 2.59 2.14 4,82 4,31

PILLOW LAVi TRONDHJEMITE

80D 80D 80D 81D. 81D 80D 80D

197-3 231 246 132-2  133-1 222 223-2
La  5.06 7.73 32k .86  1.00 19.45 9.46
Ce 16.27  18.31 12.03  4.08  4.00 . .66.70 32.79
Pr2.24 2.57  1.88 .73 .82 9.81 6.08
Nd 15,45 11.87 11,59 5.38 5.77 ! 52.12 ° 30.49
Sm  5.60 3.45 4,39 2.25  2.52 15.88 11.35
Eu 2.Lk4 1.88° 2,36  1.15 .73 4.16 5.37
Gd 6.9 L.76  5.70 3.58 3.28 17.85 12.90
By . 6.61 b3 - 5.53 b.37 4.03 17.46 9.77
Er - 3.62 2.35 3.09 . 2.33 2,84 8.65 5.07
Yb  1.96 2.13  2.48 2.65  2.89 5.39 '2.82

A

18 '
%4 /
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Figure 5.17. Rare earth element contents of rocks of the
Annieopsquotch Complex, normalized to the

chendritic values of Taylor and Gorton (1977).
Rare earth abundances increase through the
sequence; gabbro, diabase dykes and pillow lava,
trondh jemfite. Most samples show light rare earth
element depletion and posfitiwve or negative
Europium anomalies. See thxt'for'discussiop.

)
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Figure 5.18. Rare eart¥frelement contents of six dlabase
dykes of the Annieopsquotch Complex, and the

field for dykes and lavas of the ‘Bay ~ of: Islands

Complex (Suen et al., 1979). Patterns are

similar for both, but three Annieopsquotch dykes

show ‘greater depletion of the heavy rare earth:

elements, Average rare’ earth abundances are
greater 1in the Annieopsquotch Complex dykes.
Dashed lines outline the field of MORB after
Saunders and Tarney (1979).







Figure 5.19. Rare earth element contents of five samples

of plllow 1lava of the Annieopsquotch Complex,
with the field for dykes and lava of the Bay wf
Islands Complex (Suen et al., 1979). Patterns
are similar; some samples fall above or below
the field for some elements., Dashed 1lines

outline the MORB field (Saunders 4dN¥ Tarney,
1979).
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5.11.1.1 Light Rare Earth Element hepletion

Ligﬁt rare earth element (LREE) depletion. is a
charactgristiz feature of-yORB as well as tﬁe Troodos (Kay
and Senéchal,l976), Bay Aof Islands Compiex (Suen et
-a1.,1979) énd other ophiolites. All buit age diabase‘dyké
and two pillow.lava‘samples from the Annieopsquotch Compiex
exhibit sigﬁificant LREE depletion.

The cause ‘of tﬁis LREE depletion s a‘ matter of
éontroversy. Some ‘. have attributed » it to? seafloor
alteration or metamorphigm (Kay and Senechal, 1976;.
;obeftsoﬂ,and Fleet,1975; H;rrmann et 31.1197& and Helmann
et il"1977) however; Saen Eg’ii.(l979) suggested that LREE
enrichment, not depletion,, should occur- as a result of
.these.pfacésééSa‘ This was: égggested by the studies - of

seafloor alteration by Frey et gl..>(1974), Ludden and
Thompéon£(1979) and oéhers._ -

| ~ To quantify-the degree >of_ alte;atfon of rinds of
pillow 1lava samples dredged fronm 13_ degrees: N in fhé
Atlantic, Ludden and Thompson (1979) ; n&rmaliZed _ REE
contents to a constant HREE‘(Yb) ésmposition; that of the,
pillow interior, They then calculated enrfchment of the

LREE 1{in the piilow rinds over the interiors. They found’

that all the LREE were enrfiched In the rind, with no

anomalous behavior of Eu. The HREE remained unaffected.

LY

These, however, were surface MORB sampies; they noted that.
some deeper DSDP drilled samples show no such LREE
enrichment and suggested that an important factor : in LREE

enrichment was the greater seawater: rock ratio affecting




.~

"(cf. Mottl, 1983 and others).

the pillow lavas on the surface of the seafloor.-
Vﬁriations are likely more radical than this thever,

as adjaceﬁt seqtions;.of the oceanic ‘Erust may undergo

different stiyles of alferation”dependent upon whether tﬁey

are zones of' {nflux or outflow of hydrothermal circulation

.
Y

As‘gamples from the Annieopsquotch Compiex likely had
.different .Qrig{nal REE cohcentrations and degrees of LBEE
enrichment, it ié not resonébfg to normalize. their Yb

. *y
contents to csome value -and try to ideﬂcify‘secondary
enfichmgnt of :He LREE, It s imﬁoséible to know the
magmdtic LREE pattern gnd thus define ghe'-effects of
alteracion by seawater. It is po;sible that ~thé pillow
lava <LREE patterns, which show the widest range of
cqncgntraéion and would ha;e had greater exposure to
seawater ‘thanithe d}kes, were affected by interaction with
seawater, | N ) )

La/Sm ratios can be increased bf clidopyroxene
fractionation (Blanechard et 'gi.,l976) while olivine or
plagioclase fractionation will simpiy {ncrease- the REE
conéentration of the magma, without pnrlching LREE, as
Chesé minerals exclude ‘REE (except Eu).

Annleopsquotch dykes and lavas cluster at La/Sm ratios
between 0.5 and i.O (Figure 5.18, 19) and at Ybﬁcontents of
1.7 to 3.0' pbﬁ, except for two dykes, B80QHPAD122 and
80HPADOB]1 which have higher La/Sm and Yb and higher Yb

respectively. One lava, 80HPAD231 has a high La/Sm ratio.

Frey et al.(1974) have demonstrated that La/Sm can be
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increased by seafloor alteration. Such a process might' -

) . ~account for the higher ratio of the two samples. Of the’

samples  analysed by  Blanchard et  al.(1876), the
Anniéops&uotch Complex suite hgve La/Sm and Y§ contents

most similar to Type 1 b#salts of DSDP Leg 37,_'site 335.

These .ﬁSDP basalts are piagioélase - phyric and comprise :
all of thé.s ples at the site th‘most at nearby site 332.

- : RelatiVely,Z}jhey~'Have éigher T102 aﬁd lower Mg/Mg + Fe
| (0.51-0.66) than other DSDP basalts . studied by th&se
authofs. They rarely contain olivine phenocrysts, never
élinopyroxene phenocrysts gnd magi contain glomeroérysts of
plagioclase interpreted t; have been derived from the magma
chamber. ‘

Annleopsquotch dykes are likewise- predominantly

v - . ’

plagioclase- phyric and some contain glomerocrysts of

. plagioclase or )plagioclase * clinopyroxene, offen with

‘resorbed edges. These are Interpreted (Chapter 3) to be
derived from the gabbro zone. In general, no certain
clinopyroxene phenocfysts are preseﬁt, although some-

subhedral grains may be. One clinopyroxene- rich dyke was

observed in the Complex. It was not analysed becsguse it is

so charged with'crystals it ,would not represent a liquid

composition. ' oo : N




5.11.1.2 Eu Anomaltes and HREE Contents ®

Small positive Eu anomalieé occur In five pillow lava
and three di#base dyke samplés of the Annieopsquotch
Compiex. Eu anomalies have generally been 1nterpretgd to
be the result of plﬁgioglase fractionation or as a source’
éh;ractéristic of the melt (Ludden a Thompson, 1979).
Pfagioclase 1s fhe predominant pheno ryst phasg in the
dykes bLt samples were chosen which had fewv.or

-phenoqrysté so it 1s not clear i{f plygiéclase is the cause
of these anomalies. '

One;’dyke and one pillow lava sample have small
negativé! Eu anomalies. 'These could be due to depletion by
plagloclase fractionation 1& the gabbr; magma chamber th#t
was the soufce ‘df these rocks. ﬁowever; these anomalies
?ighp result from séawater iﬁteractlon a&d trangport of Eu
in {ts +2 oxidation state (cf. Sun and Nesbitt,1978).

Some 1lavas and diabase dykes, as well as both
trdndhjeﬁltes,, display a distinct héavy_rare earth element
(HREE) depletion in<34dition to the LREE depletion typical
of MORBs. It is possible that 'ghis 1s a result of
fr;ctionation of 4 minor phaselfn fhe magma chamber that
was the source of these liquids although no such phase was
identified during the petrogrgphighstudy. Because of %he

low abundances of REE in these rocks and possible problems

with the Fryer method (1977) these patterns may be an

artifact of the céemgcal separation (I. Gibson, pers.

comm., 1984).




5.11.2 Gabbros
Gabbros have thé‘lowest RE@ contents of any rocks
analysed ~ from the Ahﬁieopsquotch ‘suit% (Table 5.9) and
_three of the gabbro samples show LREE -depleted patfe?ns.
. ° . 1 -
Two gabbro sambles show positive Er/¥Yb and ‘' two are
hegative, but ‘all four Er (1.14- 1.68 ppm) and Yb values

f1.06—>1.76 ppm) are tightly clustered,

iﬁree of the gabbro samples have prénounced positive
Eu anomalies. - This is consistent with thé field evidence
for plagioclase accumuiation, to varying degrees, in  many
§f the gabbros kChapter 3). Similar patterns, of LREE
depletion witﬁ positive Eu anomalies, are reported for

gabbro of the Bay of Islands Complex (Suen et al.,1979),

. the Troodos ophiolite (Kay and Seneéhdl,1976) and the Point

Sal ophioli%ﬁ (Menzies et al1.,1977) as well as oghefs- REE

.
——

contents of gabbro sampled at DSDP site 334 (ﬁostal and
Mueke,1978) show the same pattern. '
The overall higher abundances of Rﬂﬁ in gabbros offthe
Annieopsquotch Complex compared to those from the Atlantic
sea floor reported by Dostal and Mueke £1978) might be due
to the presence of a greater proportion of trapped REE-
enriched interstitial 1iquid 1in the former. - Kay and
Senechal (ﬁ976)' first suggested this possibility' for
4;ophiolitic gabbros and further suggested that the range of
) original basait chemistries from which the gabbros formed
couldlaccount for the wide range of' REE contents‘ in
ophiolitic gabbros.

Varying plagioclase contenty of ophiolitic gabbros and

- .




Figure 5.20. Rare earth element conténts of three samples
~ of ‘high level’ gabbro and one mafic granulite of

the Annieopsquotch Complex. All samples contain

greater rare earth abundances than Bay of Islands

(Suen et al., 1979) or DSDP Leg 37 gabbros

(Dostal and Mueke, 1978), The latter contaln

cumulate textures and orthopyroxene. The

Annieopsquotch gabbros, in part, overlap the
field of Bay of Islands dykes and lavas.







their relative times of crystallization within the magma

chamber could’ accouﬁt for the range of Eu  anomalies
observed. Suen‘_£ al. (1979) correlated fhe pronounced Eu
anomalies in the gabbros of the Béy of Islands Complex witﬁ
high Al203 conéents, which are é reflection 6f,high modal
plagioclase. 1In the Annieopsquotch Complex, the Eighe;t Eu
content likewise occurs ‘in the gabbro with the highest
Al1203 content (20.7, wt. .i). However. thq greatés; Eu
anomaly, relétive to Sm and Gd contents, occurs 1q sample

J9HPAD144-1 which has 17.1 wt. 2 A1203. f

5.11.3 Equigranular Rock

Saméle 79HPAD153-1,: from the gébbro zone, i{s a wmedium
graine§‘ fbck, cut by amphibole alte;ation veinlets. As
described in Chapter 3: it occurs in a zonme which grades
into average coarse grained gabbro. These areas of
equigr&nular rock are interpreted to be eifther stoped
blocks from the roof of the magma chamber or earlier‘
crystallized parts of the intrusion, ‘dehydtéted and
metamorphosed at temperatures in the staﬁility‘range of
cqexisting clinopyroxede and,or;hopyrofene. “

The REE pattern pf this rock is a smooth con?ex upwa;d.
curve with HREﬁ -contents comparable to’ those of the
gabbros. There 18 no Eu anomaly and the Eu~‘conténf is

»

lower than that of the gabbros (figure 5.20). The La
-

content 18 the lowest of any sample analysed from the

Annieopsquotch Complex. It 1s not possible to determine

the protolith of this rock for certain. It was suggested




in Chapter 3 that it represenfs a stoped block or part of

-

the gabbro intrusion itself. 1Its ‘immobile' HREE contents

R . . 1
"are consistent with either suggestion as they are lower

than those of any dlabase dyke analysed and are 1n the

range of the gabbros.

-




o

5.11.4 Trondhjemite _

‘REE abunrdances afg.higﬁ?st in the two trondhjemites
analysed (Table 5.9). This is . presgumably dﬁe to

concentration of these 1ncompatible elements in the

residual 1iquid from which these rocks crystallized. The

REE pattern of the trondhjemites is similar in shape to

that of the gabbros but with a larger La/Eu ratio. This

could be due to greater seawater 1interaction. There is
abundant évidence for fhe'presence of fluidsvrelated to the
trondh jemites; p;rtially assimilated blocks of hydrated
gabbro and diabase and crosscutting prehnite veins in
éOHPADZZZ, and the occurrence of primary hérnblendeuxand
biotite 1in 8O0HPAD223-1. The 1latter sample has a small
p;sitive Eu anomaly that could be due to minor plagioclase
éccumulation; euhedral plagioclase 1s present in the rock.
Sample 80HPAD222 has a minor negative Eu anomaly that might
£e due to depletion by earlier pl;gioclase fraction;tion in
the gabbro or due to leaching by ifluidst The rock s
locally- 5trong1y epidotized, presumably by fluid
interaction. 4

Sample 80HPAD223-1 is from a pod that contains coarse

gralned zircon -in great abundance in its core. It has the
L ]

_lower REE content of the two trondhjemites and . shows

- . o
significant HREE depletion. , It is suggested that this

might ©be due to the effect of early crystallizing

hornblende and zircon tak{ng up the HREE.

-
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5.12 CHEMISTRY OF CLINOPYROXENES OF THE ANNIEOPSQUOTCH

COMPLEX v S

~ 1y 4
5.12.1 Océuttences . . . A

[

Fresh clinopyroxene occurs in rocks of the .critfcal
‘- . : _ e
zone and sheeted dyke Zone of the Annieopsquotch Complex.

Those samples analysed are shown on Map l.  Clinopyroxene

‘
/

*“in" most samples from the gabbro zone 1s completely

. uralitized. In some cases, near the " base of the zone,

2

coarse green hornblende has formed. apparently at the

ezpe'nse of - the early fibrous amphibole * : of tHe

tremolite-actinolite ‘series.
S

) 5.12.1.1 The Critical Zone

.

Clinop‘yroxenes from the lower layered cumulate section

show' compositional varfation with stratigraphic Theight
(cryptic layering) in ophioiite conmplexes such as the Oman

ophiolfte (Smewing;1981). This variatien has been
_ . attributed to fractional crystallization and to influxes of

new primitive plcritic magma into the magma chamber at the

s -
spreading centre which replenish the elementa‘ depleted - by

N .

fractional crysatallization.

In the Annieopsquotch Complex the c¢ritical z.‘one rocks - ~

- are diu.-upted,'ilocally métamorphosed and”intruded by coarse

]

grained gabbro. It has been suggested (Chapter 3)- that &

only the ‘top of' the critical zone 1s now preserved in the
. .~ , ‘ . . ‘ .
Complex. No det‘ailed gsampling was - done acroes the thin

cumulate, section and it is not pdssible to plet a section

’
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through which clinopyroxenes display cryptic layerin'g‘.
Howe\-/er, the analyses (Table 5.10) are plotted on v.;rious ;
ma jor and trace element discrilination. diagrams and
g ‘ co;npared to ocean ' floor basalts and the Bay of Islands
Complex 10 the, following sections. »Anal.yses of co-
“exlisting orthopyroxene, oiivihe and plagioclase are
reported in Tables 5.11, 12 and 13.
v 5.12.1.2 The Sheeted Dyke Zone
Clinopyroxene occurt; as lrregular equant ~gra.iﬂs which, °*
in many' cases, encfo’se pla’gi'ociasveu feldSpar‘ in the
groundmass of diabase dykes. It 1s usually altered_to\ fine .

'grained fibrous pale green, colourless or pale brown

P
~ -

* . amphibole. Many thin sections examined <contain no fresh
pyroxene,
\ ‘ Large subhedral -crYs;:als ‘of clinopyroxene, rarely
'l bright green chromian augite» ©occur 1in some dykes 1in -
asso‘ciatmn with clots- or individual‘ plagloclase
\ph>enocrysts. Some are ir-n:erpreted to be xenocrysts from -
the underlying magma chambers. Analyses are .reported in

Table Sulao
. "’Q‘ .

W

5.12.2 Pyroxene Quadrilateral

Pyroxenes from. the critical zone plot in a restricted
area of the pyroxene quadrflateral (Figure 5.21A). . The
Fe/Mg ratios vary between 0.12 and 0.25. All analyses are

sub-calcic augites with some having a calclium content as

low as Wo34EnS55Fsll.,: Irregglar- exsolved blebs of clear




TAusLz 5.10 ELECTRON MICROPROBE ANALYSES Oé CLINOPYROXENES
FROM THE CRITICAL ZONE

. 1.
5102 53.70

TiOz 0,24
AlzoJ 2,84
Cr203 0,65
Fe0® L.16
¥no 0.09
Mgd T 16,42
Cal 21,97
NAZO 0.37
Total 100.24
Si 1.949
aty .051
vt .06y
ati .006
cr .Olh
. Fe*? .125
M .002
Mg .388
Ca . 847
Na 025

Total (06)' J.981

10,
s10, 52,48
Ti0, 0.38
AL0, 3.07
CrZD} 0.67
FeQ® 3.71
Mno 0.12
Ngo 17.07
Ca0 22.139
NaZO . 0.46
Total - 100.35
si 1.909
Ay © 091
avd .00
T : .009
Cr .019
Pe : $112
Mn .- .003
Mg 1925,
Ca .872
Na 032

Total (06) 4.012

2. core 2.rim

52,82  52.05
0.15 0,26
305 2.63,
0.95 0.59
7.13 4,68
0.05 0.69

19.27 16.90

16.47 21,42
0.38 0.32

100.28 98,95

1.919 1.924
081 070
OhY .038
L003, " .006
026 017
L2167 144
.001 | .002

1.042 930
L641 .848
.025 022

4,004 4,007

1t. 12,

52.05 53,32

0.21 0.18

2.95 3,41

0.60  0.71

4,73 0 b3?

0.11  0.08

18.87  17.79
19.971  20.57

0.30 0.29
99.53 100.72
1.905 1.923

095 077

L031 L.067

.005 004

.017  .020

L4 ,131

.003  ,002

1,029 956
.772 798
021,019

4.022  3.99)

3.
53.04
0.35

0,59
5.36
0.11
16.59
2q.86
0.34
100435

1.942
.058
.062

o Joos -

.016
162
.003
' .899
.813
.023
3.986

13.

53,13

0,16
2.59
0.30
4.79
0.13

19.87

18.79
0.16

99.92

1.925
«075
.034
.004
.008
(145
.003
1.073
N729

.010
4.006

2.81 "/

4.
53.21
0.21
2,48
0.59
4,31

0.09 .

16,69
21.66

0.29
99.53

1,946
054
.052
.005
4016
131
.002
.910
849
.020
3.985

14,
53.50
0.14
2.93
0,41
4,54
0,08

" 18416

19.94
0,21
99,91

1.939
.061
.063
.003
011
0137
002
+980 -
N
.04
3.984

5.¢
53.14
s 0.21
3.82
0,59
5.30
- 0.11
17.88
18,88
0.3!
100.24

1.922
.078
©L0dh
.005
.016
159
+003
963
«731
.021
3.982

15,
52.81
Q.16

- 2.67

0.31
3.86
0.10
17.33
22.03
0.19
99.46

1.934
. 006
~ 049
. 004
.008
118
002
<945
864
013

4,009

S.r
53.28
0.26
2.51
' 054
4,23
0.09
16.30
21.66
0.26
99.13

1.956
LUkl
064
006
016
1129
002
.892
852
017

3.978

16.
52.04
0,51
2.78
0.66
5.18
0.12
17.19
#0.53
0.37
99,40

1,914
.086
.03
.014
018
.158
003
942
.808
.026

%.003

6. 7.

- 52,93 53.p0
0.20 o.go
.11 2,83
0.77°  0.67
4.43 3.60
0,07 0.08
16.48  17.26
21.38  22.30
0.35 -0.b5
99.73 100,59
1.933  1.921
067 .079
067 .041
LL0B .010
.021 .019
.135 +108
.001 .002
.897 .932
.836 .866
.023  .031
3.986 1,009

17, 18.

51,04 7 54,23
,0.20  0.09

4.30 ° 1.60

0.61 0.23

6,02 10,11

0.11 0.2}

18.15 23,15
18,00 10,93
0.16 0.17
98.59 10Q0.74
1.884 1,951

116 049

.070 .018

.005 .002

.015 .006

.185 . 304

003 .006

<999 1.24)1

712 J421

011 .011 -

4,002  4.009

8.\

53.16
0.25
2.89
0.56
4,11
0.07

17.05

21,53

0,45
100.07

1,933
067
. 056
. 006
016
. 125
. 002
926
840
031

3.999

/ig.
50,90
0.28
4,70
*0.93
4.82
0.13
17.16
19'64
0.21

98.97

1.875 .
125
.078
. 007 |
.Q26
<148
.003
-G41
«782
014

3.999

Analyses 1-6: 79D032-3, 7-10: 790039-2, 11-12: 790263-h, 13-15 79D269-3, 16: 7902655,

17-18: 79D272:2; two spots on zoned grain, 19-20: 79D272-2

* Total Fe as FeO

9.
52.3)
0.28
31k
0.95
4,00
0.09
16.9%
21.73
0.5)
100,04

1.910
¢ +0%90
JOkhy
.QUo
027
2121
.002
924
849
.036
4,009

.018
166
,003
1.010
+710Q
011
3.995

; two spots on zoned grain,
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TABLE 5.10 ELECTRON MICROFPROBE ANALYSES OF CLINOPYROXENES
FROM THE CRITICAL ZONE

v

21. 22, 23, . 2by 2s. 26, . 28, 29, 2.

51.00  s52.t4 52,12 52,02 S1.46 52.25 ° 51,48 51.58 50,21
0.20 . 0.23 0.20 0,21 0.19 0.22 0.47  0.55 0.58
4,36 3.76 3,68 3.52 3.50 3.87 2.58 2.83 2.50
0.66 0.66 0.56 - 0,55 ~ 0.54 0,79 0.39 0.49 - 0.39
4.98 6.49 6.5  6.98 6,38 £.16 6,30 6,34 7,45
0.10 C.18 0.1 0.14 0.14 0.11 0.14 0.12 0,16
17.92 - 18.63 18.46 18.83 1B.54 18 %4 16,448 1£,01 17.32
19.66 17.73  17.6 17.46 38,19 17,89 20,98  20.95 19.69
0.16 0.16 0.1‘3v 0.17 ° 0,19 0,21 0.28 0.28 0.28

99.04 99.98 99.56 99.68 99.13 1/00.110 99.06 99.15 98.58'

51 1.876 1.898 1.906 1.901 1,897 1.897 1.913 1,915 1.886
aly 124 .102 S0% 099 LT0) . 103 .87 . ,0d5 . . .110
v 2005 L059° Lubk  .052 ,.O48 C 062 .025 038 o--
Ti .005 +005 .005  .005  Jo04 . 005 .01) .015 015
cr ’ 018 .018 .016 015 015 .022 011 014 . 011
“Fe 53 .197 D199 Bz 196 186 ©L195  .196 .233
Mn 002 . 005 .OQU g 1.004 11T Q03 T .003 003 . 004
Mg 982 1,010  1.005” 1,025 1.019 1,009 .911  ,B86 . 969
Ca 77 .691 E82  .6B3 .718 .696 .835 ,832 . 792
Na Lo 010 o1y .012 .013 - .Dlk .020 ,020 .020
Total (66) 4.010 3.9_9_1’/'3.993 4.00B 4,017  3.997 4,013 4,004 4.040

s
e

-
,
.

. 330 3. 350 " 36, 37. 8. - 9. L. b1, L2,

,/31.41 0 50091 53.24 52,71 52.52  51.59° §1.72 52.41  51.79 52.67 51.79
0,62 0.52 0.26 0.23  o0.21 0.24 0.23  0.50 0.21 0.51 0455
2.68 2.54 3.122 347 3.12 3.27 3.00 2,43 3.3 2.13 2.02
0.49 0.39 0.78 0.81 0.75 0.84 0.82 ~0.39 1,09 0.21 0.27
6.54 6.36 4,70 5.35 5.20 - 4,93 4,79 5031 4,33 5.67 5.71
0.13 0.14 0.07 0.11 0,08 0.09 0.09 0.,107) o0.11 0,09 - 0.12
16,46 16.58 17.20 17.70 -18.sk 16.29 17.43 17,02  16.46 16.64 16.06
21.23 21.00 20,52 19.41 18.62 21.34% 20.43 21.30 21,69 20.96 22.18
0.27 0,27 0.28 0.32 0.21 0.31 C.31 0,31 ' 0,34 0,28 0.40
99.83 ,\98.71 100,17  99.81.  99.25 98.90 $8.82 99.77 11,99.'36 99.16 ' 99.10

Si 1.900  1:902  1.933 1.923 1.921  1.911 1.912  1.926 -'1,905 1.943 1.926

00 098 .067 (077 079 .0H9  .OBE .07 095  .057 .O7h
't 06 012 .066 059  ,055  .053 . .0k2  .030  .050  .0)5 0L}
T8 -016  .014  .006 005  .005  .006  .006 ,013  .005  ,Ole  .OL5
Cr \ 014 ,;Oll N .022’ 022 . 021 023 .02) 011 =031 .005_ «007
Fe «202 .198 ‘\‘.‘{UZ .163 .159 152 « 147 .163 »132 J174 + 177
Mn ' .003 .003 .0‘01\ 003 002 .002 . 002 002 «003 .002 -O_OJ
Mg <906 .92) .930 ,962 1.010 899 960 1932 «902 +915 .889
Ca 860 .BLO  .798 758 .729  .847 . .B0O9  .837  .BS5  .B28 .8863
Na . 018 «.019 .019 022 Ol - L0211 021 021 »023 ' .019 028
Total (06) 4,015 4,020 3.984 3.99% 3.995 ' 4.00) 6.010 4,009 ) 4,001 o 3.992 4,015

Analyses 21-26: ?902.72-2, 27=33: 80D143-5, 34-39: 79D263-3 bright green grains,
39 encloses orthopyroxene blebs, 40-42: 80D133-5,
ot.\nl Fe as Fe0 ' ’ :

s
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TABLE 5.10 ELECTRON MICROPROBE ANALYSES OF CLINOPYROXENES
FROM THE CRITICAL ZONE

83, Ly, Ls, .o w7, W, Cug. | s, s, 52, - 53,
sio, 52.60 52,32 50.73  50.12  51.71 ‘5131 51,33 50.94 51.34  51.16 52,95
Ti0, . *0.32  0.88 To.44 0.51 0.4k  0.70 - .0.47 0.59 0,58 0.7t 0.29 .
AJZOJ 1.91 2.55 3.0 1.63 .2.58 3.12 3.34 2.86. 2,78 3.10 3.17
CrZOJ 0.16 0,13 0,82 0.93 0.71 0,79 0,81 0.6] b.58 0.70 o 0.73
PeOw 5.04 5.30 5.80 5:73  6.21 6.39 6.64 £.75 6.30 6.24 5,42
o ¥no 0.06  0.16 0.1 0.07 0.10  0.10  0.13 0,14 0,13 0.07  0.07

- Mg0 16. 32 15.96. 15,54 15.36 .16.03 15.95 16.50 16,20 16.12 15.7? 17.86
Cal 2.09  21.95 - 21.59 22,09 21,14 20.57 20.09  20.26 20.77 21.33 19,92
Na,0 0.25  0.41 .33 0,33 ° 0,30  0.33 . 0.30 0.27 .29 031 032 )
Total 98,75 99,66 98.66  98.77 99.22 99.26 99,61 9g8.44 96.89  99.39. 100.73
si , 1.95!  1.927 1.894  1.895 1.918 1.902 1.696  1.905 1.913 1,899 1.916
alty 0K 073 106 Lle5 082 098 1ok L095 089 L101° 084
Calvioof L0340 L3 039 .03 ,030 038 VUL 030,032 .03 L051
i PU08 023 012 L0k L012 L0200 L01F .016  .o15  .oso .007
cr 004 003 0246 027 L021 .022 .022 .017 016 020 .020 )
Fe 1155 - 162 .181 -179 .192 ,198 205 210 195 192 ¢ ,16) - .
Mn , .001 -004 ' o 003 ,002  ,002 . ,002 003 004" 003 002 . 002 .
Mg 502 .875 864 .856 BB6 . 881 .908 .902 +895 +87) 963
Ca - * 877 .866 . .B63  .885  .839 . .816  .pok .81 @28 JBU7 772
Na ° 017 ,028 .023 s023  ,021. o022 .021 019,021 - ,021 .022

Total (06)'3.998 3.996 4,009 4,020 4,002 3.999 4.007 4.009 4,005 4,009  4.000

. 54, 55, 56, 57. 58, 59. . 60, 61, 62, 63. 64,
« : -5102 52,20  51.42  51.51 52,10 s52.14 52,00 51.36 52,27 51,51  S1.59 51.41
“02 ' 0.66 0.62 0.37 0.37 0.3? 0.25 0.27 0.54 0.21 0.23 0.29 - .
N “203 2,99 3.09 3.33 3.16 3.25 3,42 J.52 2,86 3.59 3.36 3.30
c:zoJ 0.71 0.83 . -0.79 0.87 0.67 0.82 0.82 0.54 1.06 1.20 0.95
Pe0*” Y70 LB W53 5,360 W79 5.77  L.so 4.66 J.92 . 478 %390
Mno < 0,10 0.10 0.12 0.09 0.09 ~ 0.07 0,10 0.10 0.05 _B.,09 0.06
Mgo.- C 1638 16,48 16,25  17.42  i6.72  17.77  16.42 16.58 16,24 16,30  16.06 .
Ca0 2145 21,77 21.61  19.92  20.94 19.29 21,45 21,48 22,28 21.59 22,45 :
v Na,0 0.32 ‘)0.31 0.26 0.28 0.27 0.21 0.29 0.19 0.50 0.27 0.26
-Total 99.51  99.06 - 9B.77 99.57 99.24 99,60 98.73  99.22- 99.36 99.35 . 98,68
. . — : .
‘si 1.918  1.902 1.908 1.910 1.917 1.907 1,903 1.925 1.896 1.503 1.905
Al“_’ 082 098 .092 .0%0  ,083 L0931 .097 075 L1046 097 .095
ALVE PO47. .06 .052 045 057 .04 .056  .ou8 051 .08 048
T 017 016 .010 . 009 009 .006 . 006 Ol .005 .005 007 | ’ ‘ N
cr .020 .023 .023 .024 019 .023 .023 015 030 034 .027 ’
Fe «143 .137 L 140 163 L1468 .176 .139 103 .120 146 121
¥n ¢ 002 ,002 .003 .002 002 . .002 002 .002 .001 .002 001
Mg .899 .908 +896 .952 916 .971, .907 .910 891 .896 .886
Ca R Bl 863 .857 .782 824 .757 .851 847 878 .B53 . .890
Na .022 021 .018 .019 .018 <018 .,023 .013 036 -.018 - ,018

Total (06) 3992 4.006  3.999  3.996 2:991 4,003 4,005 3.992 4,012 4,002 3,998

Analyses 43-4L: 80D133-5, 45-52: 80D140-2,  53-61: 790036,  62-6k: 79D03I2-b.
* Total Fe as Fe0 - ‘

€. -
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TABLE 5.10 ELECTRON MICROPROBE ANALYSES OF CLINOPYROXENES

FROM THE CRITICAL ZONE

1
.6

65. ’ 66. 67, 68, - 69. -
51.50 52,03 -~ 51,73 50.36 51.71
0.27 0.25 0.20 0,20 0.26
-~ 13.07 7 3005 3.7 5.89 3.16
0.78 0.94 0.65 0,72 0.95
4,52 4,82 4,63 5.05 4,16
0.09 °  0.12 0.09 * 0,06 0.13 -
16.61 16.68 16.53 17.30 15.82
zz.oog! 21.67. 21.60 20,06 21.82
0.28 0,29 0.35° 0.23 0,45
99.12 99.85 98.95 99.87 98,46,

si 1.904 1,911 1.911°  1.840 1.92%
aty 096 089 L089 ,060 079
avt .037 .0L2 . 048 192 - .058
Ti .006 .006 . 005 .005 .006
Cr 022 . ,027 .018 .020 .027
Pe . - .139 47 L 143 .56 - L,128
Mn S .002° L0033 ° -,002 .002 .003
Mg 915 912 1909 9h2 .875
Ca 871 .852 854 .78k .869
Na 019 020 .023 .015 .031°
Total (0.) 4,011 4,009 4,002 4,014 " 3.997

Analyses 65-69; 79D032~4
* Total Fe as FeQ.




TABLE S.11. ELECTRQM WICRCFROBE aNALYSES OF
ORTHPPYROXENES FROM THE QKITICAL Z0ONE
3. L. 500 . € 7.

54,27 55.25 56.11 55,68 54,24
017 0.19 0.25 0.24 0.21
1,50 1.53 " 1,02, 1.34
0.30 0,27 ———- . 0.05
11,69 11.16 12.49 12,87 12,96
0.17 0.12 0.2) 0.22 0.19
30.57  30.31 30.33°\ 30.13 29.77
1.11 1.07° 0.58 0.57 0.61
——— 0.02 .. =---- . 0,03 ~ 0,02

99.78  99.92  100.97 °100.76 99.L9

1.931 1.952 1.970 1.965 1.982
063 . .ou8 .030 .035
- 015 .010 .006
.004 .00h 006 .006
008 .007 ——-- ——--
.48 .330 «367 +379
L0084 .003 - ,006 .006

1,622 1.597 1.587 1.585

©oLou2 040 .021 021
———— L001 [ .002
3.997 3.997 4.005

. 82,7 ~B1.0 80.5

9. 10. 177 13. 1k, 15. 16,

53.45 54.06 53,61 54,47 53.81 55.07 55.14
0.42 0.41 . 0.46 . 0.37 0.09  0.09 0.07
L. 44 1.38 1751 1.20 1.46 1.54 1.76
N ——— 0.04 0.21 © 0,22 0.24
12.88 12.94 12.48 12.75 10.04 10.21 10.02
0.2) 0.20 0,11 . 0.25 0.17 0,14 0.14
29.12 29.43 29.04" 28,66 31.84 31,45 31.8¢9
0.91 0.80 1.46 .1.07° 0.84 6.90
0.02 0.03 0.07 0.05 0.02 ——-
98.47 99,25 98.74 98.82 98.48 . 99,62 100.16

1.937 1.942 1,936 1.960 1.929 1,945 1.937
.061 .058 . L0063 | 040 .061 +055 063
——— —— ———— .010 —— .008 .00%

.010 .010 - 011 . .009 002,002 .001"
---- —— S .001 ,  .005 .006 006
.390 .388 376 . . .38)3 .301 .301 .293.
. 006 005 .003 .005 .007 .00 .004 . 4003
Mg 1.573 1.575 1.563 1.548 1.539 f.606 1,655 1.670
Ca .035 .0%0 .056 7018 040 .032 .033 +033
Ka .001 .002 .004 .001 .003 001 -—-- ———-
Total (06) 4,013 4,010 k.02 3.996 3.992 3.941 4,009 4,015
En 79.9 80.0 . 80.5  80.5 79.8 . 84,0 84,4 84.9

Analyses 1-4:; 79D263-3, blebs in epx 39, 5-13: 80D133-5, 14-16. 79D032-4,

.

*Total Pe as FeO.
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TABLE 5.12. ELECTRON MICROFROBE ANALYSES OF OLIVINES <0
FROM PHE CRITICAL ZONE -
1. 2. 3. L, 5. 6. 7. 8. 9. 10.
810, 38,91 41.00  39.95 39.6L  39.70  39.56  39.16  38.47 38,73 39.31
Fel* 14.p6 14,51 15.39  15.82 15,41 15.51  15.52 20.54 22.25 17.36
[AeTe] 0.16 0.06 0.19 0.14 0.16 0.14 0,21 0.19 0.27 0.22
Mgo M6.68 LE1L  L6.0B  45.68 45,85  45.96  bs.17  41.79  40.18  bb.68
NiO . 0.14 0.12 0.16 0.13 0.11 0.15 0.1) 0.10 0,19 0.15
"Total 100.85 101.83' 101.77 101,41 101.2% 101.32 100.17 101.09 101.62 101,72
, .
5t .972  1.005 987 - ..984 . 986 .983  .985 .91 Y990 981
Fe 312 0.297 2317 ¢ L)28 320 .322 .326 L438 L476 362
Mn .003 .001 .003 .00z  .002 .002 .003 .00) .005 .00k
Mg 1.737  1.686 1,698 1.690 1.698 1.704 1.694 1.589  1.53t  1.664
Ni +002 .002 .002 1,002 001 .002 .002 .00 .003 .003
Total (0,) 3.026 .95 3.007  3.006 3.007 3.013  3.010 3.012 3.005 3.014
11, 12, 13. 14, 15. 16. 17, 18. 19. 20.
L 1 .
sio,, 7 39.19 38.61 38.88  39.34 39,68 39.25 39.7% 39.55 38,63  40.59
FeO* 17.19, 17.55 17.81 17.23 16.94 16,91 13.32 11.06 13.82 12,86
¥no 0.20 0.22 0.19 0.23 0.19 0.22 0.14 , o.10 c.17 0.13
MgOo 44,41 bhy12 44,29 44,68 . 44.16 44,48 Lé.64 48,97 45,39 46.51
NiO 0.14 0.14 0.17.  0.09 0.15 0.12 0.30 0.31 0.25 0,25
Total 101.13. 100,64 101,34 101.57  101.12 100.98  100.19  99.99  $8.26 100.34
st .983 977 978 . .983 994 .985 .989 976 974 - 1.001 »
Fe . .360 371 74 .360 *. 358 .35% .276 288 292 265 i )
Mn .003 © .oob .003 004 .00k 004 .002 002,003 .002
Mg 1,662 1.664 1.659 1,664 1,649 1.665 < 1,728 1,802 1.707  1.710 \1
Ny 002 .002 ,003 001 .003 .002 .005 006 ° .004 .00k
Total (0,})" 3.010 3.018 3.017  3.012 -3.004  .3.011 3.000 3.014 2,980 2.982 %
Analyges 1-31, ?9DOJ9-2". k-2: 79D263-4,. B: P9D269-5, 91 795L-4, 10-161 79D265-5 '
‘ 17-201  79D272-2. ‘
*Total Pe as Fed . . .




? 206
.
i TABLE 5.12. ELECTRON MICKOFROBE ANALYSES ON OLIVINES
' PHON THE CRITICAL ZONE
21. 22, . 24, 25, 26, 27. 7 =28, 29, 30.
si0, 39.55 19.50 37.95 38.27 J7.81  38.01 38.77 38.é0 39.41  39.66
FPeO* 1-3.7§ 14,20 ) 21.71 21.22 20.98 -20.83 © 20.99 21,74 19.73 19.39
Mno 0.16 0.13 0.25 0.27 0,20 0.21 0.17 0424 ' 0.17 0.14 |
Mgl 46.02 46,61 40.78 ub.az 7\1.70 Lb1.16 40,66  LO.54 42.41 42,07
. N$O 0,29  0.28 0.11 0.10 0.12  0.16 0.09  0.08 0.14 0,14
Total 99.81 100.72 ° 100.81 100.68 >100.81 100.37 100.8: ‘101.20 101.86 101.70
51 .986 .980 977 .979 1971 <979 » .992 .988 992 +997
Fe ,.’287 .294 L0667 Jush 450 S L9 465 415 507
Mn 002 .002 .005 .005 003 L00h . ,003 004 009 .00)
Mg 1.710 1.725 1.564 1.558 1.597  1.581 1,551  1.547 1.592 1,577
i Ni .005 .005 001 +001 .002 2003 . .001 1001 .002 - .002
' Total (Q,) 2.990 3.006 ~3.01u 2.997 ’ 3.023  3.015 2.999  3.005 3.004 2,994
-
1. 32, 33, . %. 36, 37. 38. 39. .o,
510, 38.82  39.09 37.98  38.3% 38.0§ 38.5; 38.67 37,43 39.72  38.82
FeD*® 19.04  18.91 19,59 18.68 20.22  20.26 '19,810 19.97  1%.68  19.27
¥no 0.21 0.22 '0.19 0.18 0.20 0.20 0.23 0.13 - -0.23 0‘-153
Mgo 42.61  43.02. 41,75  43.13  41.h1 41,52 41.50 41,26 41,92 bi.ss ,
NiO ——-- 0.13  0.12 0.1t 0.1 0.14 0.18  0.1%  o.1b 0.08
' Totalt 100,68 101.37 99,63 100.44° 99,99 100,67  100.42 98.93  101.69 ‘ 99.90
. ” .
.
st 987 987 . 979 .978 981 985  .991  .975  1.000  .995
Fe - Ao ,398 422 .98 436 433 425 435 Wb W13 ’
Mn .00k 004 ;003 003 .00) 003 004 +002 004 '.o‘03 ‘
g 16LA 1,615 1.606 1,640  1.59)  1.582  1.584 .1.603  L.57% 1587 ' N
-, "‘.ooz . 002 001 .001 ".ooz .003 .002 .002 .001 . '
Total (0,) 3.009 3.010 3.012 3.020 3.014  3.005 3.007 3,017  2.9%%  2.999
X , Analyses 21-22: 791)275-2, 23-28: BOD143-5, 29-34 79D263-3, 35-40: BOD133-S. ’
*Total Fe as Feq ’ ) ) - o ~
- - * )




Ni -

Total (OU)

si
Fa
Mn
Mg
Ni

Total (Ou)

51.
38.85
17.11

0.14

S bh 1k

0.12
100.36

.983

.361
.003
1.665

.002 ° -

3.014
'

4’N\

TABLE 5.12. ELECTRON 'MICROPROBE ANALYSES OF OLIVINES

53

52,
38.77
17,71

0.19

by, 52
0.15
101.34

975

372
.003

.003

3.021 2.999

43.
38.58
20.35

0.2)

41.57

0.10
100.83

53.
39.96
17.10

0.21

PROM THE CRITICAL ZONE

44,
38.57
20.19
0.20
u1.58

100. 34

Sk,

_‘39.68

17.15
0.20

44,17 . L44,22

0,11
101.55

+996
356,
rd

".004

N 6608 1.6u2

.001

0.14

101.39
/!

.992
+358
.003
1..649
.002
3.004

LE
38.47

19.80
=Y

70,22
41.53
0.14
100,16

46,
37.87
20,11

0.19
h1,46

0,09
99.72

1979
435
.00]
1.599

.001

3.017

56,

40 /46
14,50
0.14

45,18 -

0,14
100.42°

.301
.002
1.672
.002'
2,981

Analyses 41¢ 80D133-5, 42-49: 80D140-2, 50~S54%1 790036,

*Total Fe aa FeO.

L7,

38.75

20.63
0.20
41.48
0.08
101.14

.988
<439
.003
-
1.577

_.001-

3.008

57.
39.42
15.77

0.16
L5, bt

0.16

100,92

.984
.329
.003
1.691
.003
J.010

5560

. 18.
37.87
20, 44
0.21
51,13
0.07
99.72

58.
39.48
15.70

0.15
45,40

0.18

100.91

.002
3.003

b

49,
38.43
20.10

0.22
41,96

0.1)

100. 84

59.
39.26
15.63
*0.15
46.18

0.18 -

101,40

<977
+ 325
002
1.712
2002
3.018

790032~ 4,

50.
38.95
17,50

0.18
44,69

0.14

101.46

50,
40,04
15.18

0,19
15,74

0.20

101.35




TABLE 5.13. ELECTRON MICROPROBE ANALYSES OF
PLAGIOCLASE PROM THE CRITICAL ZONE

3. b, . 5 é,
47,41 47.88 48,05 47.92

32.75 32.1% 32,36 32.16
0.08 0.1h 0.06 0.18
17.46 . 17.20 17.01 16,60
1.80 1.63 1.84 1.72
99.50 98.94 99.32 28-58

s, 2,188 2.212 2,224
Al ’ 1,780 1.755 1,758
Fe 1002 001 .006
Ca ) .862 1839 .825
Na, 162 W63 . L1su
Total (0g) 4.994 4,920 4,967
An 8L.2 83.7 8i.3

9 10, 11, 12, . 13, '114, 15,
48.48 47.83 48,62 47.30 47,72 47.45 48,27
31.97  31.86  31.70 J2.44 32,38 33.51 31.91
0.09 0.06 0.19 0.26 0.22 0.10 ~  0.12
(16,14 16,49 16.17 16,82 16,86 16,52 16.24
2.16 2.02 1.89 1.66 1.70 1.43 2.09

© 908,84 98,26 98.57 98.48 98.88 99.01° 98.63

2,202 2.220  2.247 2.201 2,210 2,189  2.23s
17242 1.747 r.726 1.779 1.767  '1.822 1.740
.002 . .001° .- .006 .009_ .008 .002 .004
799 822,800 .838 .86 816 © .BO6

192 .182 L1169 .148 L1520 L1127 .186
Total (oB) b.977  4.979 4,948 &.975 4,973 4,956 4,971
An 80,7 .81.9 82,1 85.1 84,7 86.6 81.3

Analyses.l: 790032-3, 2-5: 79D039-2, ‘6-7: 79D263-4, 8, 79D26%-3,
91 7§5L-u.' 10+ 79D265-5, A1 ~79D272-2, 12-1% 79D263-3, 1bs 790036,

*Total Pe &s FeO,

P




TABLE 5, 14 ELECTRON MICROPROBE 'ANALYSES OF CLINOPYROXENES
FROM DIABASE DYKES

L 3 §; 5. 6. ; 8. 3, 1.

51.77 52.12 51,44 52.05 51.76 52.50 52.78
0.59 0.47 0.84  0.59 0.8  0.67 0.39
3.09 3.32 2,83 2.99 3.48 2,82 2,54
---- 0.58 ——-- 0.25 0.52 —— -0.55
772 .20 9.19 ° 6.91 . 6,30 8,28 5041
0.16 0.09 . 0.6 0.1 0.12 D.17 . 0.11
17.01 16,94 15.86 17.02 16.79 16,73 18,17
19.15 19,55 19.02  19.16 19,24 - 19,40 19.46
0.200 0.21 0.32 0.26. 0.10 0,38 0.24

99.74 . 99.48 99.66. 99,36 98.79 100.95 99.61

1.909 1.917 1.912  1.919 1.915 1.917 1.931
.091 .083 .088 .081 .085 +083 ._069
.0b2 .060 .035 048 .066 - 038 .039
.01 .013 .022 .016 013 .018 . .008
.- .016 _— .006 . T —— .015
.239 .189 ©.285  ,213 194,252 «165
L0048 ,002 004 .003 .003 .00k .003
935 - 928 .878 .935 .926 .911 2991
756 .769 . 757 756 762 758 762
014 .015 022 .018 .006 .026 017

»

4,006 3.992 ‘u.oo;q 3.995 3.985  4.007 4,000

.

12, 13. 1k, 15. 16. 18. 19. . 2Q1, 22,

52.64  53.14 52,21 50,09  50.55 49.32  50.95 Lo L4 50,78
0.50  0.53  0.38. 1.28  1.10 Y135 1.2 1.22 .02
2.80 2.59 3.46 3.83 3.81 3.59 3.20 5.15 3.74
0.25 0.13 0.82 ———-- - SRS 0.10 0.23 0.10
7.22 7.41 4,72 9.59 10,21 12,54 10.64 B.43 9.70
0.14 0.11 0.10 0.17 0.16 0.21 0.24 0.11 0.112
18.02 17,70 17,72 15,07 15.20 13,73 14,18 15.48 . 15.22
18,21  18.84 20.13  19.18  18.59 18.04  19.28 19,21 , 18.86
0.27 0.24 0.27 0.29 0.30 0.36 0.31 0.30 0.21
100.05 100.69  99.81 99.50  99.92 99.14  160.32 ) 99-5:) 99.74

1.926 1.931  1.904 1,874 1.882 1.875  1.899 1.83 1.891
T .07 .069 096 .126 L118 .125 .101 .161 .109
.0b6  .0LD 2052 042,049 036 .039 066 ,055
.013 .OLlL ,009 .035 .030 .038 .039 .034 .028
.006 .003 .023 ———- ——— ———— 002 ,006 ,002
220 .225 143 299 .18 .398 . .331 .262 .301 ~
004 .003 .002 004 .00k . .005 ,006 .003 - .003
1982 958 .963 840 842 .778 ', 788 .858 .. B4s
ca 713 .733 .787  .768  7by 73 770 765 752
.018 .016 .018 021 .021 .026 .021 .021 ,015

Total (0g) 4.002  3.992  3.997 4.009  &.005 4.015  3.996 * 4,013 4,001
’ .
Analyses 1-10 79D109-2, 11 79D109-2 Phenacryst
*12-14 80D204-2 Phenocryst,, 15-23 80D206-2

* Total Fe as Fe0
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TAULE. 5.14 ELECTHON MICROPRUBE ANALYSES OF SLINUPYHUKENES 4
‘ FAOM DIABASE DYKES
- . - -
23. 24, 25.  26.° 27, ' 28, 29, 30. 3l. 32. 33.
“sio, 51.06 49.99 50.82 50.B4% 50.77  45.84 $0.28 90.82 50.01 51.21  50.95 N
. Tio0, 1.19 1.7 1,68 1.96 1.7 1.96 1.82 | 1.63 1.96 . 1.61 1.63
A1,0, 3.B8 ! 3.4 3.11 ) 3.84 2.82 3.64 3.93 2.98 3.79 2,65 2.89
s Cr,0, 0,06  ---- ——— 0.Q5 S -——- 0.07 mmmm e eeae ----
Fe0® 9.31  10.27 11,35 10.00 10.98 . 10.27 9,95 10,69 11.46 11,62 10.98
Mno 0.16  0.16 0.26 0,10  0.27  0.20 0.16 0.20 0.24 0,28 0.22
Mgo 14,79 1479 15,67  14.68  15.22 14,1 14,65 14,82 14,60 15,29 14,55
Ca0 20.00 18,89 16.93 19.38 ' 18,18 19,35 19.33 19.20 17.70 16.77 18.62
Na,0 0.38 0.4B  0.30 038 '0.35 0.37  0.43  0.41  0.39  0.kb  0.34
Total 100.83 - 99.76 1Q0.12 101.03 100.33 99,77 100.62 100.75 100.15 - 99,87 100.18
sS4 1.883  1.874 1.891 . 1.875 1.891 1.869 1.864 1.887 1.869 1.912  1.900
atv. 117 .126 L1098 .125 - .109  .131  .136 3113 131  ,088  .100
. av: . .050 035 .026 042 .04  ,030 .035  .016 - .036 028 .027
Ti ,032 048 - ,047 - ,04B L048 055 .050  .044  .055 .04k LOL4
. cr - .001 —ce- ——— .001 S S .001 ———— S ——
" Pe 287" 321 - .353 .307 V341 321 .308 .331 .357 362 Y362
Mn .00y . 004 .007 .002 .007 .005 -004 ,005 .006 .008 006
Mg 813 826 .869 .806 .8u5 . 790 .810 .819 813 850 .809
Ca- 790 .757 .678 .765 726 777 767 T 764 .208 620 743
Na 027« .035 021 026 025 026 .030 029 .028 .030 024
Total (0.} 4,004 4.016 3.998 3.997 4.006 4.004 4.005 4.008 4,003 3.992 3,995 ?
. 15, 36. 37. 38. 19. 40, . b1, 42, 43, 4y,
510, 5%.51  53.09 51.73 54.62  52.92 55.05 54,04 52.25 52.97 52.58 53.30 . .
Tio0, 0.25 0.50 0.86 0.31 . 0.50 0.35 0.24  0.74 0.48 0,40 0.43
ALy0, 1.98 3.09 2.96 1.71 3.70 1,62 1.95 2,84 2.84 3.05 2.70
Cry0] 0.41 0.15 ———— 0.07 0.30 0.05 0.33 —— 0.12 0.10 ——
Fe0® 5.79 €.30 11.29 7.32 5.97 7.67 5.67 9.75 6.79 7.22 8.51
"Mno 0.13, 0.10 0,23 0.18 0.12 0.13  0.14 0,17 0,11 0,14 0,16
P 18,93 16.93 15.45 18,43  16.98 18,54 18,88 164,25 17.34 17,40  17.17
Ca0 : 17.96  19.71 - 17.45 17,92 . 19.72 17.8r 18.23 18.36 18.85 18,79 18.31 .
Na,0 0.13 ° 0.23  0.19 0.18 0.19 0.12  0.17 0.24 0.12 0.18 0.19
Total . 100.09 100.10 100.16 100,74, 100,40 101.3% 99.65 100.60 99,62 99.86 100.77
51 1,971 1,936 1.921  1.97%  1.921 1,979 1.963 1.922  1.939 1.928  1.941
. atvy oo oz .06k .079 .026 .079 .0zt .037 ,078 .061 072 .059
aLvi 054 068 .049 RN 079 LO47 046 TV AN TS § ,059 .056
(T 006 .013 .022 .007 .013 .008 .006 .019 .013 .011 012 N
cr - 011 006 ecee .001 .008 001,008  —__- 003,002  ---- N
. Fe 74 191 .350 .220 .181 229 ,171. 0O .207 .220 .258
" Mn . .003 002 ,006 +005 003 1003 - 5003 L004 .003 .003 ,00k
Mg 1.019 .920, B854 .993 918 .992 1,022 ,B91 946" 951 932
- Ca .695 269 694 694 767 686 .709 724 739,738 718
Na 008 016 013 011 013 .007 012,016 < ,008 .013 .01)
Total (0g) 3.970  3.983 3.988  3.977  3.984  3.973 3.977° 3.998 3.980 3.997 3.989
Analyses 24-33 = 81D114-2
h-b2 79D0108-3,
* Total Fs aa FeQ
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TAULE 5.4 ELECTRON MICROPROBE ANALYSES OF CLINOPYROXENES v

FHOM DIABASE DYKES . .
45, b6, LY 48, 49, 50. 51, 52, 53, 54, 55,

sto, 51,70 51,33  52.36 52.21 52,77 52,59 52,66 52,77 49,87 50.67  50.41

T10, 0.46 .47 0.38 [ 0.43 0.36 0.43 0. 44 1,06 1,24 1.08

AL,0, 3.85 3.95 3.59 3.19 3.46 3.13 4.09 3.65 3.2) 4,39 461

Cry0, 0.25 0.4%0 0.21 0.13 0.15 0,18 0.27 0.30  ---- 0,14 0.19

Feo* . 5.95 6.07  6.7% 7.10 6.40 6.79 ' 5.50 6.46 15,08 10,13  8.9%4

Mno 0.11 0.11 0.07 0.14 0.13 0.13 0.08  .0.09 0.26 0,21 0.18

M0 16,29  16.73 ®17.41  16.97 16,96 16,74 16.41 17,02  13.79 15.29 15.9) *

ca0 20.43 20,06 19,15 19.46 19.52 19.62, 20.88 19.95 16,68 18.58 18.73

Na,0 0.12 0.21 0.27 0.18 0.22 0.23 0.16 0.23 0.29 0.27 0.35

Total - 99.16 9933 100.18 99.82 100.04 99.77 100.49 100.91 100,26 100.92 100,42

Si 1,907 1.892 1.911 1.917 1.925 1,930 1.912  1.913 1.884 1,868 1.858 ‘ -

aty .093 .108 .089 .083 .075 .070°  ,088 .087 JA16 0,132 bz

avt T .07% .06l 065  ,055 073 .06k - 087  ,068  .027 .058  .058 .
.M . .012 .01) 009 L012 .012 . 009 .012 ,011 .030  ,033 .029

Cr . .06 ' 011  .005 .003  _.004 .o04 _ ,007 - .008 ---- .00} .005

“Pe 183 187 206 217 +195 208,166 195 W76 311,274

Mn } .003 003 .002 004 .003 ,003 . 002 .002 .007  ,005 005

Mg . 7895 1918 © 947 929 . .922 .915 .g88 .919 .776  .839 .875

Ca © .808B 792 749 L765 .762 771 .B12 L7746 675 .733 .739

Na .Q08B L0114 ,018 .013 .015 W016 .010 1016 021 019 024

v Total (06) J.989  4.001 4,001 3.998 3.986 3.990  3.984 3,993 L4.012 4,001 4.009

o . 56, 57.. s, 59. 60, 61, 62. 6. 6. 65, 66.
sio, 50.79 . 50.92 $0.68 51,14 49,47 48,65 50.29 50.73 50.59 - 50.77 50.48
Ti0, 1,09 104 1.4 1.20 1.22 - 1.01 0.71 0.98 1.02 0.96 1.22
) A1,04 4.43  3.95  ®.07 4,76 2,87  3.07. 3.23 L8943 4,13 3,91
. 'CrEOJ - 0.19 9.06 0.14 0.15 ———— === . 0,10 . 0.19 0.13 0.22 0.09
. PeQ» - 9.25 10.82 10.47 ‘9.35 15.07 13.85 - 11.43 . 7.94 9.41 §.84 11.94
_ kn0 -0.36 0.18 '0.16 0.16  0.32 0.26 027 0,17 0.21 0.13 0.18
_ Mgo - T-15.97  15.10 15.32  15.67 . 13.23  14.48  15.11  16.67 16.00 16.13 15.10
- ca0 . 18.48 18,75 18,48 1B.64 17.07 17.16 17.67 18.56 18.07 18,80 17.70
Nay0 - 0.3%  0.28 0,30  0.31  0.24  0.29  0.23 0,28 0.18  0.21 0,28
Total 100.70 101.10 100.76 101.38 99.49 98,77 99.04 100.01 100.0% 100.19 100.90
. St 1,867 1.878 1.872 1.868 1.889 1.867 - 1,897 1.866 1.872 1.675 1,873 Y

antv - 2128 ,132 L1110 L1330 L1039 L1346 128 125 .127
avi +0L8 .073 .017 .005 040 .060 .065 .055 062
Ti 031,032,035 .028  ,020 . ,027  ,028 026,034

< cr .003  .004  a=-=  --o=' D02 .005  .003  .005  .002 B N

Fe .323. .285 ° .LBo 443 .359 1 .291 272 .370 . A
Mn . 004 .00hL .010 .00& 007 .004 .006 +003 005
Mg L .. .B43 ,B53  .753  .828 ' .849  .914  .881 .B88 835
Ca. . .748 740 L7730 729 .698  ,705  L714 .730 716 83 .903
. Na .02) 019 021 .021 .018 . 021  .017  ,019 .012 014,020
. B Total (0g) 4.005  5.005 4.003 4.001 4.011 4,038 4,008 4.003 4,002 4,006 4,011

; ' Analysés 43-52  80D193-4 " _ }/
? < 5366 B1lD144~h,
* Total Fe as, FgOI M ‘ '

s - :




TAHLE 5.th.
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ELECTRON MICROPROBE ANALYSESS OF CLINCPYROXENES
FRUM DIABASE DYKES

67. 68. 69. ~70. 71,
sio, 49.65 50.79 45.29 49.10  51.35
“Tioz . 1.06 1,15 1,23 ) 0.90 0.96
AI?_OJ 3,66 2.83 4,43 " 413 3.69
Cr,0, 0.05; ~e--- 0.18  0.11 0.14
FaO® 11.52 14,74 9.73 9.91 %.82
mnQ ! 0,26 0.26 0.1k 0.18 0,11
Mg0 14,33 13.17  15.11 15,96 16.17
Ca0 18,69 18.10 19.17 18.37  17.74
Na,0 0.41 0.39 0.21 - 0.25 _ 0.32
Total 99.63 101.43 99,49 98.91 100.30
Si 1.871  1.900 1,848 1.850 1.895
Ay 2129 .100  .152 150 .105 .
av? .033 L0246  L0L2 .032 .055
T4 .030 .032 034 .025 026
Cr .001 R D04 .003 .003
Fe .362 W61 .305 J12 .02
Mn .007 .007 004 ,005 .00)
Mg ! L8Ok 734 LBl .896 . 889
ca . 75% 724 .770 SPuL . .700
Na .028 .027 015 .018 .022

To tal (06) 1.019 4,009 4.018 L ,032 L.000

Anaslyses 67-72 81Dlhi-4
* Total Fe as Fe0 if -

~

72.

49.82
1.12
3.93
0.13
9.70
0.:8

15.71

18.97
0.37

99.93

1.859
14t
L03L
.03L
.00)
302
.005
.873
.758
026

4.029
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Figure

Figure

5.21A. Portion of the pyroxene quadrilateral

showing all analyses of clinopyroxenes. (dots}),
orthopyroxenes (crosses) and tie lines connecting
co-exfsting clinopyroxene grains and enclosed
orthopyroxene blebs, from cumulates of the
critical zone. The range of olivine compositions
(Table 5.12) 1is shown by the black  Dbar. Dashed
1ines show the 1limits  of pyroxene and olivine
Fe/Mg. Curved line 1s the Skaergaard trend and

~straight solid and dashed line {8 orthopyroxene -

inverted pigeonite trend. Small area enclosed by
dashed - 1ine 1ncludes <clinopyroxenes from the
critical zone of the Bay of Islands Complex from
Malpas (1976). ) . ’ .

£y

5.218B, Portion of the pyroxene quadrilateral
showing analyses of <clinopyroxene (dots) from
diabase dykes of the sheeted dyke zone, Dashed
outline 1s field of critical zone clinopyroxenes
from A. Analyses show scatter but extend along
the Skaergaard trend to higher Fe/Mg ratios than
those of the critical zone.







'“'hoﬁ;ﬁiedéﬁroic orthopyr;xeﬁe' varyA between En80 and En86
(Tablé ‘5,11). Tie lines between three coexlisting
>cifnopyroxene hosts .and orthopyroxene ~blebs indicate by
. their parallelism that local equilibrium was attained.
' Olivine compositloné in :@% suité of yeritical zomne
rocks (Table 5.12) ’afe shown by the black\bar 15 Fifure
S{ZIA‘and have Fe/Mg ratios comparable to thoge of. the
orthopyroxenes. The greater range for olivine |1s likely
due to a g;eater.number of aﬁalyses from more roc samples.
Plaéioclase from the cﬁitical £one varits ffrom An80.7
ko_An89.9_(byt6wnite, Table 5.13).
. Clindﬁyroxenes froﬁ the sheeted dyke zone{extend fron
the field of critical zone pyroxenes (daghéd adea 1in Fiéute
5;213) to more Fe-rich. compositions bin the Pyroxene -

quédrilateral. The most -Fe-rich analysis 18 Wo35En40OFs25.

In general they follow the Skaergaard tholeiitic .tremnd
. N

shown 1in Figure 5.21B, but w{{:\;j:jiderable scatter. It
e . . . .

s clear from this diagram that th d {nopyroxenes from the
sheeted dyke Zone represent a more chemlically evolved

population than those of the_critical zone.

5.12.3 Pytoxenes as Indicators of Basalt Type

5.12.3.1 Introduction

Clinopyroxene chemistry has been used by many workers
‘to 1identify the affinity of basalts as a check on trace
element diagrams wused to discriminate between' tectonic

settings of eruption. In the case of altered basalts, the




. . L}
chemistry of’fresh clinopyroxenes may be the only '‘evidence

remaining of their ¢hemical affinities. ,Kushir%-(l960)>and
LeBas (1962) ﬂitst demonstrated that §yrokene -¢ombosition
varies with the chemistry of the lava and designéd piots to

distinguish different types of basalts based on .thelr

pyroxene 'éhemistry. Since. then many pfots‘empioying'the,
elements Cr, T4, Al, Si, Na and Ca have been constructed to

discriminate between tectonic settings (Pearce et al., 1975;

Pearce and Norry,1979;> Nigbet and Pearce,1977). A recent

review of the limitgtions of most ‘of these classificatiqns

has.been’preseﬁted by -Leterrier et al. (1982). Theée
limitaéions include; lL.coupledqd substitutions,
2.crystallization sequence, - 3«quknching of lava,

4.variation of KD with temﬁetature - and :pressure, S.the

.small huamber of-analyses qéea to define fields,‘ﬁ;errofs in

’

-measuremgnt‘_ of 'small. amounts of some elements by
microprobe, and 7.inabilicy to separaté ail basﬁlt types on
Qnyfone‘diagram. |

'fn the following sectioné,,itﬁe claésit diaétams of
Kushirb (1960) and LeBas (1962), as well as the newly
published diagramg of Letertiér_gt gl.\ (1982), are‘dsed to
vdetgrmine the chemical affinities.of th;'clinOPYroxeneQ of

the 'Annieopgguotch - Complex and to infer the tectonic

e a

setting., For each figure, pyroxenes from the critical zone

LY

~and sheeted dyke zone are plotted on diagrams A and B

respectively to facilltatewcomparison of the two groups.
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5.12.3.2 Chemical Variation Diagrams

On plots of T102 and A1203 versus S102 (Figure 5,22,

LeBas,1962) clinopyroxenes of the cs‘tical zone fall mainly

in the Field of-pcéan floor basalts. The range of .S102
contents is from 50.12 wt. Z to 54;23 wt. X (Table 5.10).:
T102 contents aré in thé range 0,14 wt., Z to 0.88 wt. Z,
and A1203 varies from 1.60 wt. % to 5.89 wt. Z. The
analySe;~yith lowest Si02 conteﬁts fall below the field of
ocean élbdfrbas?lts in Figure 5.22A. The error in the S102
measurement is‘approximately +/- 2% and within ¢this error
most analyses could be withinhthe ocean floor field.
Mbgt_pytoxene analyses from. the sheeted<€yke zone fall
.1Q .tﬁe field.of'ocean floor baaalté in Figure 5.22B.2 They
extend to more T102-r1ch compositions. Pyroxenesjfrom_ one
" dyke, ‘81H2A0114—2, hhvé the highesﬁ Ti02 content measured
:(TablegS.iﬁ, average 1.75 wt. %) and fall outside the
field  of wocéaﬂv floor basalts (Figure -5.22B).. 'Thése
pyroxenes are quite'fresﬁ, show sector zoning in tbe manner
of titénaugites;’ but ‘do ~not have the distincti?e vlﬁlet
:glodr.‘-The dyke is noticeably differént in ﬁghé fifeld,
containing thousands of lithie ffagments and crystais. It
_‘was not analysed. The- higher Ti02 éontent of Fhe pyrdxénes
may 1indfcate non- equilibrium crystallizatién br, if the
Lffdyke has a hiéthioz'csntent, a diffefent source.
About fifteenipyrbgepes aﬁalysed ftoé the-éheeted dyke
zone fall. {in the alkaline field on the A1203 vs. $iD2 plot
(%1gufe‘5.223) as_compared to none from the'critifgj zone.

Al 18 plotted against Fe/Mg ratio in Fdgure 5,23, The




Figure 5.22A,B., S4102 . vs, T102 and Al1203 dfagrams (after
LeBas, 1962) for clinopyroxenes of tht critfcal
‘zone and sheeted dyke zone respectively. Dashed
lines -outline  field of ocean floor basalts in°
each diagram. Pyroxenes from the sheeted dyke
zone show a wider range 1in composition,
especially higher Ti02 contents, and cross - into

the alkaline field. 'Points'plotting to the high
Ti02 side of the OFB field in diagram B are from:
sample 81HPADI!14~2, which contains sector zoned
auglte, : . - o







_Figure 5.23, Al (atomic, based on six O atoms)  plotted
against Fe/Mg ratio for clinopyroxenes of the
Annieopsquotch Complex, Curved line is the trend
determined for clinopyroxene ‘from the critical
zone of the Bay of 1Islands Complex by Ricéto
(1976) and f1éld of crosses enclosed by dashed

line presents clinopyrexenes from the <critical

zone of the Bay of Islands Complex analysed by
Malpas (1976). The two trends are a right
angles. Near vertical tie-line wonnects core-

rim pair of analyses for one clinopyroxene. from:

the Annieopsquotch Complex. e o

[ .

°

A, Clinqpyroienes from the critical zone show a
‘steep trend at low Fe/Mg ratios. ‘

B. Clinopyroxenes from diabase dykes of the.
sheeted < dyke zone show a wide scatter and no
clear trend. ' '

a







curve shown d{s the trend détermingd_for'clinopyroxenes of
the critical zone of the Bay of Islands Complex” by Riceclo

(1976). It is controlled by only six polants. In contrast,

Y

the trend defined by thirteen,. clinopyroxenes -from the
v . . ’

critical. zone of the Bay of Islands Complex analysedbby
ﬂa}pas (1976)’18 nearly aﬁ right angles fo that of Riccio
(1976). i ' '
" Al contents —(atomiq) of ‘clinopyroxEnés-_from the
critigal zone of  the Annieopsquotch Compléx‘ show someL 
scaﬁter wﬁén plotted against Fe/Mg ratio (Figure ‘5.23A),
but there 1is an overall‘ steep-tqénd wﬁigh is at a'high
angle to that defineﬁ by Ricciéu(l976). The range of Al
content is likely due to;l l.cryptic variation w;tﬁ;n the
layéred seéuenceband‘ ;smafl scale variatioﬁs with{in one-
la&er due /tp the presence of zoqed crys;als.v‘The latter
would result from equilibration of-grain egggs with \latg,

more &ifferentiated, pockets of liquid. Some mod{fication

of the ‘original chemistry may . have resulted . from

metamorphic: recrystallization, however an attempt was made
to analyse the freshest samples with the best ‘presgrbed

igneous textures. A core-rinm pair: for one- pyroxene, Ls
connected by~avtie,line in Pilgure 5.23A. h fﬁip 1ine 1is
aéproximately parallel to the trgwd fog allﬂanaiyses.

vAl coﬁtents of clinopyroxenes froﬁ diabade_'dykes jof

the sheeted dyke zone show a wide scatter over a wide range

- o

of Fe/Mg ratios(Figure 5.23B). No trend'can be discerned.

Ti contents (atomic) show considerable scatter,

plotted égains{ Fe/Mg --ratie, but -show.:a rough positive




correlation. They cluster along thé. line defined " by
clinopyroxenea from the critigal .zone of thg Bay of ;slandé
and Lewis ‘Hills (Riccio0,1976). No clinopyroxgnes were
foﬁné‘ in the c;itical zone of the Apn};gpsguqtch QOmpléx
with Fe/Mg ratios greater than 0.25, iﬂfcon#rhst to 'those
of the Bay o} Islands Complex, so only the lower part.of
the B.O.I,» trénd is ‘represented’ by data from the
Anniléopsquotch 'Complex (Figure 5.244)., This 1s. hard to
réconéile with the sugéesf%on'frOm the »field observations
that ~;>r;1y tﬁe'top.of the critical zone 1s preserved in the:
Annieopsquotch Complex. |

Compared to critical zbne‘clinopyroxénesy those of the
sheeted dyke zone have higher T1i contents consistent with
“their more evolved nature (Figure S.ZQBf. The scatter of
pdintsb at ‘hiéh T1 ;ontent; dgfies any atfempt to fit a

line. Low Ti pyroxenes from the sheeted dyk"{pne. cluster

4 .

on the Bay of Islands and Lewis H{lls best-fit lines.

©

Analyses of phenocrysts (symbol P), whicp 'may have Dbeen

transported from the magma chamber, are no different than

some pyroxenes which occur as groundmass grains., This .1is

P

ggﬂsistent with’ th whéle rock chemistry; which indicates
that dyke .compositions overlag thoge of the gﬁbﬁros.

Cr content (atomic) of criticél_;one ;linofyroxenés is
plotted agalnst .Fe/Mg 1in FigPre S.ZSA.f'AAnea; vertical"’
trend'is seen.yhich is fOughly the s;me-as thap determige&
for samples f?ém the Bay. of Isiands'méﬁd Lewis Hiiis
(Riccio,l976).; This pattern corresponds to that shown by

e, -

the suilte of MORB samples of Papike (1980), outlined by the




Figure 5.24, T1i (atomic, based on 8ix O atoms) vs.

>

-

5k

‘Hills,
clinopyroxenes from Malpas (1976), again
) than those analysed by -

Fe/Mg
c¢linopyroxenes of the Annieopsquotch
Complex. Curved trend is that for clinopyroxenes
of the «critical- zone of the Bay of Islands
Complex and the straight trend 1is ‘for
both  from Riccio (1976).

ratio for

.Crosses are
showing
a far different trend

Riceio (1976).

5

.

A. Clinopyroxenes from the critical ‘zone glﬁster
alon's the low Fe/Mg end of both trends, but show
conslderable scatter, probably {in ' part due to
analytical uncertainty at low Ti contents.

B. Clinopyroxedeé from the ‘sheeted dyké .zone
range from values on the Bay .of Islands trend to

high Fe/Mg values with variable Ti contents. No
single trend 1s apparent. '

the - Lewis -
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Figure 5.25. Cr (atomic, based on six O atoms) plotted
against Fe/Mg ratio for <clinopyroxenes of the
Annieopsquotch Complex. Curved line is the trend
for clinopyroxenes from the critical zone of the
Bay of Islands Complex and the straight' line is
for clinopyroxene from the Lewis Hills, both from

- “Ricclo (1976). Crosses enclosed 1in long- dashed
line are from Malpas (1976). Area enclosed by
'S dashed 1lines 1s the fleld of ocean floor
tholeiites, also called deep gea basalts, from
Papike (1980). The two groups of <clinopyroxenes
from the Annieopsquotch Complex cover most of the

field. - :

A. Clinopyroxenes from the <critlical =zone plot
generally along the Bay of Islands trend at Cr
contents from .003 to .036 atomic. All fall in
the fleld outlined by Papike (1980). et T

¢

? 4
. 0

Bs. Clinopyroxene from the sheetéd dyke zone
trend to 1low Crf contents and high Fe/Mg. There
{s little overlap with ‘the pyroxenes from the
critical - zone; even less 1 f phenocrysts (symbol
~—— P) are excluded. o

-

- . E
- .- .

>







dashedllines in Figure 5.25. . This pattern reflects the

0

e\aTh removgl of Cr from the basaltic liquid by
\ .
N s N .
precipitation of chromite and chromian augite. . ‘These

-+

‘minerals co-exist in some rocks of the critical zone of the

"Annieopsquotch Complex. Bright green chromian augite (Cr

approximately 0.7 to 1.2 wt  Z) grains plot at the top of

- \

In contrast’ to the trend of critical zone

) LR

the _rangé.
clinopyroxenes defined by .the analyses of Riccio (1976),
those analysed by qupaé (1976) cluster at low Cr contents

and overlap tﬁe Tange of diabase dykes of the

-
-

Annieopsquotch Complex.

Cr plontted ég_ainst Fe/Mg ratio for the dyke samples is
sh::wn in i-"igure1 5.25B, There is a clear trend to/low Cr
values with increasing Fe/Mg. There is little overlap with

the near vertical trend to high Cr values shown by

7
B

clinopyroxenes of the criticéi zone, Magma which was the
source of the dlabase dykes presumably had wundergone
chromite and pyroxene fractionation, which depleted it 1in

chrome before emplacement. All analyses plot between the

trends for the Bay of Islands Complex and Lewis Hills, from

Riccio (1976) and fall in the field of MORB (Papike, 1980),
In Figure 5.26 Cr, a compatible element which '1is

ret'noved from the  basaltic magma early in . the

crystallization history, is plotted against T1i, which (s

incompatible’” * and increases in concentration during

fractionation. ‘A large amount of scatter 1is present  but,

when data frdm both. the critical zone (Fi‘gure5.26A) and

sheeted dyke zone (Figure,S.?Gfl)‘ are considered together,

1228
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“\




. L8 . ‘ T, ’ ‘
~~Figure '5.26. Cr plotted against Ti (both atomic, based on

six 0 atoms)' for ° clinopyroxenes of. the
Annieopsquatch Complex. ’ :

‘

+ AT Clinopyroxenes of the eritical zone plot ‘at
high -~ Cr "and low T4 contents. , Crosses are
clinopyroxenes from Malpas (1%976).

. . 1

B. Clinopyroxenes of the sheeted dyke zone are
more chemically evolved and ploet at lower Cr
contents at T1i contents from <.01 to .0S55. A
trend of decreasing Cr with-increasing T1i content
1s evident. )
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it 18 clear that Cr contents of clinopyroxenes fall rapidly

Qiih increasiné f1<content and are below'0.0i (atomic) at
T4 conteﬂts greatervthan 0.02-(aﬁoﬁ1c). i , |

‘_Si Agd'.Ti .have been plofted against Al (atomic
proportions to six qi&gen) for pyroxenes of tHe gritical
zone in Figure 5.27.5fter Kushiro (1660)..- The filelds of
clihépyroxeqes from tholeiitic,' feidspathoidal-free and
" feldspathoidal-bearing alkalie rocks (Kusﬁiro,l960) are

. shown along with thé field of. clinopyroxenes from the

critical zone of the Bay of Islands Complex ‘(§ernical

stripes) from Riccio (1976). Clinopyroxenes fronm  £he :

critical zone of the Annieopsquotch Complex fall in the

“tholelitic .fleld "and overlap the Bay of Islands'.field at

- v

~1ts low Al end.on each' diagfam,v A negative correlation

between Si ‘- and Al (atomic) indicates substitution between

[

" these elements 1in the crystal structure, Calculations

indicate that the majority of Al determined fn each

énalysls 1s required to be Al+4 to £f111 the . tetrahedral
site. This calculation can be subject to high errors
however, as a\re3u1t"of,uncertainty in the determination of

Si content.

A -

Letérrier Es gl.‘ (1982) uged a series of plots of

-~various elements .in turn to distinguish clinopyroxenes ‘of
e bl : - . .o ~ . - L -

“ s

~ basalts erupted in differént 'iectonic-'sgttings} < Firstly

they . used a plot- of TL 'vs. Ca+Na to distinguish

calk-alkali and tholeiitic basalts from alkali basalts.

Next they wused a plot 'of Ti+Cr vs. Cg to distinguish

non-orogenic basalts from orogenic basalts: The brogenic-

%




C e

Fi&ure 5.27A,B. S1 and TL vs. Al (atomic, based on six O

atoms), after Kushiro (1960), The filelds of
clinopyroxenes from tholeffitice .- (4),
feldspathoidal - free (B) and feldspathoidal -
bearing alkalic rocks (C) are shown. The field
of clinopyroxenes from the critical zone of .the-

Bay of Islands\Complex (vertical lines) is from
Riceio " (1976). “Clinopyroxenes from the ,crittical
zone of the Annieopsquotch Complex (dots aund
black fileld) fall " in the tholeifitic field and
overlap the Bay.of Islands fi%ég at  its low=-Al
end on each diagram. : :
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¥y

basalts are then subdivided on a third plot of TL vs.
(total) into calk-alkali and tholeiftic basalts.
. As.it has already ' been established above that the

basalts and the pyroxenes of the Annieopsquotch Complex ‘are

Al

phenocrysts were fmore useful than groundmass

' tholeiitic, the. pyroxenes are only plotted on (the second
diagranm, iwhich separatee Vnon—orogenic basalts, 1nclqd$hg
MORB; from-ofogenic basalts (Fig;re 5.28). About eigﬁti
'percenﬁ of the: pyroxenes from each Basalt type‘werg found
to fall én the appropriate side of the line on “this
diagfam, Leterfier :SE il' (1982) emphasizéd that

clinopyf&xene

.range -

for determining tﬁequéctqﬂic setting. However, few

phenocrysts are preseﬂt in diabase dykes of. the

‘ Annipopsguotch' Complex,, sa groundmass grains were plotted

i(Figuré 5.28B). In. addition, éiinopytoxgngsﬁ from the
ctitical zone are plotted in Figure 5. 28A

Clinopyroxenes from the critical zone show a .wide

seattér, likely  related to evolution of ‘the liquid in the

R y-
magma chamber.,  Most plot in the field of ‘non-orogenic

p o . . . .

tholeiites and some that

that suites do that ﬁereVUsed to define the fields.

Clinopyroxenes from the sheeted'ﬂyke zone cover a wide

of . .Tt+Cr confents . - Most prot “4in the

non-orogenic tholeiites, but some fall 1in the orogenic

In or near the area of overlap-of the fields (Figure

"" . LN

5.28B). oo

. . .
» LA

overlap do 80 in the same area

field of




Figure 5.28. Ti+Cr vs. Ca diagram: for discriminating

clinopyroxenes from non ortogenic tholeiitic¢
basalt (chiefly MORB) and orogenic basalt (after
Leterrier et al.,I982). The two fields overlap
but the dividing line has eighty-one percent of
clinopyroxenes from non orogenic basalt above and
elghty percent of clinopyroxenes from orogenic
basalt below. : ' ' -

. Al Clinopyroxenes from the critical zone show .a

wide scatter with many analyses plot:ing on each
side of the line.

B, Clinopyroxenes from the groundmass of sgix
diabase dykes ° of . the sheeted dyke zone.
Pyroxenes : from each dyke have a limited
compositional ~ range within the area of all
analyses. Most analyses plot in the field of non
orogenic tholetfites .and those that: are across the’
kifie fall mainly in the area.of gyerlap of- the
»two flelds. .
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. 5.13 SUMMARY

.-y !
The chemistry of diabase dykes of the sheeted dyke

zone of  the 'AnnieOpsquotch Complex is little affected by
seafloor alteration and the stite.” 6f Torty dykes define

clear magmatic trends on chemical variation diagrahs.‘ They*

ate‘v tholeiftic and closely match the Skaergaard

differentlation path"aé@ .the trends of MORB glasses on

major element plots. The dykés BRave a wide range of T102

.contents but all fall in the‘field of MORB-on the diagrams -

of Ca0/T{02 and. A1203/Ti02 vs. Ti02 of Sun and Nesbitt
‘(1978) and are high-Ti ophiolites by the criteria of Serri.

(1981).

2’

. Trace element contents, with the exception of Zr, {all

.t

in- the range of MORB and on most diagrams ﬁsed' to

discriminate tectonic setting the dykes plot ~in the MORB

v

field. On the classic T1/1000:Zr:Y*3 diagram of Pearce and
Cann (1973) dykes plot‘té théllow Zr &ide of all fields and
define a weak trend away from the Zr apex. This low 2r

content of the suite’ could result from a low dnitial
content In the source region in the mantle or from minor,

. fractionatiog of zircon in the magma chamber. Five of eix .

°high :level' gabbros sampled for geochrogology weré found

to contain zircon.

a ‘

On'the T102 vs. Y diagram all dyke analyses clearly

‘define ,a 'linear trend that 1Is most similar to that of

N-Type (Eordal) MORB and is consistent Qith_ a_ combination

of olivine, plagioclase and clinopyroxene frattionation.
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.

These are the three minerals present in the the critical
«

zone cumulates andsthe Tlgh lével.gabbro. -

On diagrams of FeO%/Mg0 vs, Zr the dyke analyses

define a steep trend, similar to that of the Sarmiento
Cqﬁglex of Chile, that 18 indicative of .closéd system
fractionation. This 18 consistent with.the suggestion, Lt
from the mapping, of the presence .of several magma chambers

in the Annieopsquotch Cémplex.//EEé steep trend parallels
that of the Sarmiento Complex but {8 offset to lower 2Zr
contents. - This, together with the trend mentioned above

suggests tﬁat the lower Zr contents of the suite résult

from a lower tnitial Z; content in the source region.
Diagrams used to determine the sptea&ing rate at‘which..

the ophiolite formed, Eased on the contentfof Zr, Y or Ti02 T

in its lavas are not very satisf;ctory. Zr contents aref
too low ;nd eriable; an average wowld be meaningless.'
Ti02 go;tents of the dykes and Lgvas of the./Annieépsquotch
'Compléx and' ;the¥ ophiolitic fragments. in the seit do
suggést a slow sp?eadiﬁg_réce,'by analogy with ﬁﬁde;ﬁ fi&ge
basalts and those of Caledonian opﬁidlitesﬂhn Norway. ' é?;
| 'Th; few pillow lavas andlysed‘are more altered than
the diabade'—dyke;. On most diagrams they plot with the
diébase‘&ykes; but on the diagtamtinvolving Ca0/T102 they
 .§§11 to’ ;éwer'Ca contents indicating loss of this element
'by'seéﬁater aiterhtion.
The high level gabbros analysed apé depleted 1in most

]

trace elements compargd to the dyke suite. They show

evidencé of plagloclase accumulation; a miheral that




'Y

excludes trace elements, except 8r and Fu, Accumulation of

ﬁlagioclase has likely lowered most trace element contents
relative to ;hs basalt from which they crystalli;ed. In
Aaadigion, removal:of the lnter;titial lgquid by filter
prgésing has 'probably‘depleted the gabbro 1in incomﬁatible
trace élements. '

RéE contents eof the sulite of rocks ‘analysed are
.1ncreasingly enriched tﬁrough the sequence gabbro,(diaba;e
dykes and pillo@ lava to trondhjemite. ‘Thié rgflects
Increasing differentiation. Most rocks of the suite show
LREE depletion and some also have a HREE depletlon which

results 1in a slight convex-upwards pattern. Diabase dykes

and pilllow lavas of the Annieopsquotch Complex have REE

patterns * which largely overlap the field of .MORB, but are.

«

sligﬁtly enriched relative to basalts of the Bay of Islands
Complex., -This may be a true difference or reflect the
limited number of analyses from the latter. Most rocks of
the Annileopsquotch bomplex show Eu anomalies. These are

<

interpreted to result from plagioclase .accumulation, 1in
. .
gabbros, and fractionation removing Eu from the liquid to

account for some negative anomalies in dykes and lavas.

Analyses of dlabase dykes from sheeted dyke zones of

ophiolitic fragments at Shanadithit Brook and King George

1v Lake and pillow .lava from King George 1V Lake are
. plotted on many of the chemical variation diagrams. 1In

general, they plot along the trends defined by diabase’

Lo
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dykes of the Anniedpsquotch Complex; confirming their

-

chemical association with the Complex. They were ‘,Vma_pped as

lithic equivalents of fhg Annieopsquotch Complex 1n the

< " - .
field. o ’ v

f

Pyroxenes qf the critical zone and ahe,e"ted dyke zone ,

are tholelicic. Those of the ~critical zone are moré

primitive, le; higher in Cr and Vlower.; in Ti ' and Fe/Mg,

than those of the dykes, They are comparablé to-those of

~the critical zone of the Bay of Islands Complex analysed by.

Ricclo (1976) but cluster at lower Iii‘and Al contents,

despite a larger number of an'alys_es. Pyroxenes analysed by

Malpas (1976) have .higher Ti and 1 wer Cr contents than

those analysed by Riccio por in th_e\, esent sgtudy and may be
from more chemically evolved layers in cthe critical zone.
Pyroxenes of ~ the sheeted dyke zone cover a wide

@ompgsitional range. The most evolved contai,g—'r,’x'\_jit_k' Cr and

J'i_." «'.;; .
"high, though variable, Ti contents. Overall, txgﬁ,, ‘i)}{}oxene
. " I\J

chemistry {ndicates that the basalts are. of the

¥
non-orogenic or MORB type,

"5.14 CONCLUSION

.All evidince" from major,’ trace a

‘ _I ' “
nd rare earth elements
; .

and 'clinopyroxene‘ che.mistr_y indicates that the rocks of the

Annieopsquotch Complex are tholei,.:ltic,_:and are most similar

to Normal-type mid ocedn ridge basaltas. This 1s fompatible

with formation of the Complex;at ‘a 'ma'"j'or ocean ‘spreading

.




centre or perthaps {in a back-arc basin. Only the Zr

contents are anomalous and this could be due to low 2Zr

conﬁnt of the source region.

\ v

All ophiolitie fragménts * analysed from the

Annieopsquotch ophiolite belt are closely compérable in

’

chemistry to the Annieopsquotch. Complex 4itself and .Vit
appears reasonable to assume that all were formed in the
same setting.,

b
5.15 PETROGENESIS OF THE MORB SUITE

-5.15.1 Introduction

‘The pétrogenesis of MORBV'B 18 a subject ‘that is sti{ll

. controversial desl:;ite fifteen years, of detailed study and

- thousands of analyses since the pioneering work of Gast

(1968), Engel et al.  (1965), Kushiro (1968), Green and

Ringwood'(19,67),,0'ﬁara (1965) énd many others.

The early 1deas that- the generation of MORB’s involves
a -high degree of partial meiting of a_once depleted mantle
‘v

(Gast, 1968) and that the liqg‘ids sd proddted aré  modified

Y

- en -r0ute to the" ‘surfase i‘by fractionation ‘of olivine,

plagioclase and clinopyroxene (0 Haza,l 19&5) -are still

Cam ' ~

valid.. Numerous workers aince have reached essentially the

same . condldaions and these tw basic pridcesses ‘are - still

1ntepreted to be the major controls o.n MORB petrogéneéis.

A A major controversy surrounds the composit,ionl of t‘he'
primitive’ - melt- ‘whether picritic as suggested by 0 Hara

(1968), Clarke (1970), Halpas (1978), Elthon (1979)_ Duncan

and - Green (1980) " and Stolper (1980-) a;'d 'v.\othets‘ or °




o
olivine-porphyritic basalt as suggested by Presnall

-(1979), Sen (1982), Bryan (1983), LeRoex et al. (1983) and

Takahdshi and Kushiro (1983).

f

Both arguments are persuasive and in falct Duncan and
Green (1980.) argue fo.l‘- ‘th‘e exiotence of two primary nmelts,
one pilcritic -g-enerated at a depth greater' than forty-five
km. end a second of tiioleiitic- composition g'e‘netated at a
depth of approximately 25 km.

Bryan (f983) sume up the current dilemma when he
points out that MORB 8 could equally well be derived from.
l; an olivine rich picriﬂic primary liquid ‘those MQRB'S
‘oversaturated in olivine representing the last stages o.f4

‘
evolution to 1low® pres'sure equilibrium resulting from

olivine fragtionation” ar 2. ‘partial melting and

separation at ferent prespures over a range of depths in
7 IR, ‘

the mantle or by polybaric crystallization

Variable mantle compositions and degrees of ’partial

melting would tomplicate' the p\ictur'e fux:lher.

.

The debate may be irresolvable with present .data as

both types of ‘primitive’ lavas are observed in ophiolitces

-and 1in oceanic crust whilst‘expe‘rimental data also supp’p’rts

both views. : \

The relative Vscar'city of er’upted picritic liquids is

sometimes taken to inditcate that they are rarely generated
o

but this has been explained by Sparks et al. (1980) and
o

Stolper and Walker (1980) as a' function of cheir greater

density. Sparks ﬂ'a_l. suggest thet plcritic magmas are

. !
trapped at the bottom of the crustal magma .chambers where
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"they preciﬁit'ate 6liw;ine‘. When thelr densit'y i8 lowered
- they convectively mix with the overlying tholeiftic liquid
in the .magma‘ chamber and az:e assimilated. .This -w,(.)uld
explain 'the presehce of thick' dunite layers at the base of
the crustal section of mal{y oph':lolites (egs . Bay of Islands
' ' Comple'x; ® Leka, Norway) an:‘l such a model ﬁas been applied
to the Oman ophiolite"by Smewing (1981). ' .
Stolper-anc; Walker (1980) =suggested tha't‘ plcritic
lavlaé ‘are r.';lrély seen l?ecause the dense‘magma is EF(apped
under the less dense oceanic crust and only fractionates -
. that ﬂrreach a ;lenxz:ity. minimum,. corresponding to thé
appearance of _cl:lnopyrox'ene, are leqs dense than the c-ruét
and 8o erupt. A h:.létogram of Fe/(Fe+Mg) ratios of MORB’s .
p-resented by them has 1its waximum at the 7point of - .the : -

.

o *
‘mintmum density liquids.

. L.

x

‘Increased emphasis in recent work on the petrogenesis
of MORB’s has been placevd on processeﬁ oprerativeA in magma
cham‘be;'rs that modify 'basalt cyompvosvitioné .independent' of
oliviﬁe-pl#gio‘::lase'- cl':l:nopyroxene fractionation. Thesé'
| . include assimilation of 'hydrated ‘roof rock I(G.regbory"and -
| Taylor, '1579);,S(h)ret'separation.(Walker and DeLéng, 1982),

. liquid Jmmiscibilty (Dixon and Ruthefford, 1979) - and

S chemical diffusion and zonation within magma chambers.
" Magma mixing 1is, in additian, likely 1in ocean ridge
magmav chambers (O'Hara,"1977';‘ Stern, 1979; Alabaster bgi

al., 1982) and could ‘mix magmas that were already affected

- . N

to varying degrees by thése "Eo'ther proces‘ses.' Indeed,

congidering the number of processes likely operative within




N

magma chambers, it may be lmpossible to detect a primary
liquid‘among'modern MORB ‘s (0‘Hara, 1982). 1t may‘B;m‘tht
no pristine partial melts exist irr.  ophiolite sections
either, exceﬁt po$sibiy ‘for  veins cutting‘_th? mantle

I .
 sequence,

5.15.2 The Agnieopsquotch Suite

Diayfse dykeﬁ of ;he Aanieopsquotch Complex defing
clear trends on qgsf‘ maj:r and trace.eleﬁent diagrams.-

(&2 .

However, this ddés not mean tha; they are all’ co-hagmatic.'
Iﬂdeed; cbnsideriné the &istrlbugion of the gamples ;his is
practicélly'impossiblq. o ‘ o

No‘ modelling of the generation of Aﬁnieopqquotch
diabase dyke compositi;ns has been undertaken 1in t-is
study. It‘apﬁears reasonable however, since they ar so
similar fb N-type MORB,.'that they were generated by Ehé
same jrbcess.. The one énigmat}c ‘feature 'of the suite,’
) whiph may be 1Hheriteé‘£rom its mantle source, 1s.the low -
Zr content. 'AlllAnnieopsquotch dykes were likely generafed“
by similar degrees of parti#l ~melting of a homogeneoﬁs

mantle source.

The'sgite cad, in .general,‘.be ~explained by eithe£
partial melting of 4 depleted mantle';qu?ce a§'9- 10 k‘ar;
(30 km. depth) or by fractionation of oliyiné, ﬁl;gioclaaé

and clinopyroxene from a picritic melt. These contrasting

models are diecussed below. Much of the varliation in trace

element contents can be simply explained by'depletion by

fractionation of olivine (NL), sa&pinel and clinopyroxene




(Cr), and plagioclase (Sr, Eu) or by‘enrichment in the
evolving basaltic magma_(Ti; vV, 2r, Y and~Nb).

As mentioned above, othér processés operative in‘m;gma
chambers may affect basaltic l1quid compositiohs.. The
fractiona;ion of dﬁali hmounksjof zfrcon, or other minor
phases, may affect the trace element contents’ of derivative
liquids. Wﬁile not commonly observed in ophiolitic high
level gabbros thch are the aource of the dlabase dykes,
~and usually though} not to crystallize 1in ;ock3. of low
;111ca content (<52 _wi. Z),' zircon has been found Ln,
gabbros 1in iayer&d inotrusions and ophiolites. It likely
crystallizes from 1nterst1tia1 liquid that has,evolved -
slightly relative to the primitive basalt.' |

~ The assimilation of roof rock frpm mag&a chawmbers. 1s
'thought to occur commonly andboften evidénce is prese}ved
in outcrop in the form of stoped blo?ks, hybrid zonegs etc.
In ophiolites, stoping of hydrated gabbro and diabase from
the roof has been suggéste& as :a mechanism to ';ccouhf. for
the input of water into the magma chambers, as recorded by

"H and 0 isotopic ratios of the gabbros. This assimilation

vwould also 1increase O fugacixy sufficiently ‘to stabilize

Fe-T{ oxides, which upon crystallization would rapidly

N

deplete the magma 4in Ti. This could explain the low T4
content’ of sgveral di;bése dyfes of fhe sdite.

Magnetite gabbros are present ‘1ocal1y in Vpegmatitic
pods in ﬁhe ‘high level gabbro and near fhe top of the

gabbro zone. Crystallization 1in both these areas would

likely ocgcur from an evolyed, volatile- enriched basalt

1




1iquid.,

5.15,3 Primary Magma, Primitive Partial Melt

" The most magnesian Qiabése~dykes, with\the highest N{i

contents, are samples 79HPAD150-2 and 79HPAD153-3 with 10.5

and 11.6 wt. X Mg0 réspeétively (N1 190, 276 ppm). These

dykes cut the gabbro zone and are simiiar_to experimental
melts ﬁroduced from plagioclase énd'spinel lherzolite at 9
kbar by Sen (1982) and at iO.kbar by Takahashi and Kushiro
41983).This 1is apptokimately the pressure and soupte
c;mp051tion assumed by Bryan (1983) to be charactegigtig

. [

for the generation of MORB's,;‘The,resﬁltantnmelts would be

Tyée 1 (;livine— p ytic)vbasglﬁs and:plotrlh his field A.
The 4exper1§e'tq _q£ Takahashi énd Kushiro = (1983)

convincingly demons;rated that a wide ranée of c:rpositions

of brimary partial melts of sgpinel’ lherzolite éan bé

-

‘.generated over a range éf teméetatures, pressures and
degfees of par;ial meltihg. Those generated .at a single
pressure fall along curves at near constant normative
‘olivine content (F?gufe 5.29). Melts genététed‘,at highér
>pressufes plot at. progressi#ely higher.noima}ive olivine
contents, a felationship first predicted by O0’Hara (1965).
Takah#shi aqﬁIKushiro (1983) suggested as a resuit of their
work that basalts‘parental to MORB can be'generated- at 10
kbar aﬁd 1275 degrees C (point A, Figure 5.29,_T§b1ev5.15)

and that fractional crystallization of olivine, plagioclase

and ‘clinopyroxene can produce tﬁe more éevolved MORB

. coﬁpositions. ) o N
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5,29, Normdtive olivine- <clinopyroxene- silica
diagram; projected from plagfioclase, ‘with
analyses of diabase dykes of the Annleopsquotch-
Complex plotted by the method of Walker et al.
1 (1979). Shown .are the 1, 10 and 15 kbar
cotectics ° and the ° 1liquid 1line of descent
determined by analysesr of _glasses. from the
_Oceanographer Fracture Zone from Walker et al.-
(1979). -Field of MORB's 'is shown by solid
,outline and the area of greatest concentration of
MORB“s by the dashed line,

Concentric curves represent isobaric¢ 1liquid
compositional trends at thé pressures noted and"
point A represents an experimental melt formed at
100 kbar and 1275 degrees C . (Table 5.15) from
Takahashi and Kushiro (1983)., o '

Open and solfid stars are samples 79HPAD1S50-2
and 153-3, the, most primitive from the
Annieopsquotch suite, not normalized .to 100

_percent, Normalizing the data shifts these
points towards the silica apex by approximately
10 percent. . . B
Striped arrows are inferred crystallization
paths from 15° and 10 ‘kbar cotectics and the
continuation along the path .of 1low pressure
fractionation of olivine + plagioclase +
clinopyroxene, :

s
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TABLE 5.1%5  MAGMAS POSTULATED TO BE ‘PRIMARY' 'Paminvs_' OR 'PARENTAL' TO MORB** .
1. 2. 3. 4. 5. 6. . T.: 8. ' 9. ©10. 11.

. si0, 49.7  49.1 50.06 47.25 48.53 51.20 54.20 .51.'64 . 50.7 48.10 49.25 .
Tio, 072 0.62 0.8 0.79 0.62 0.87 0.40 - 0.3 0.78 0.8 1.60 8
A1,0, 16,4 16.5 . 15.84 13.64 16.65 15.03 15.40 15,53 14.79 16.10 14.54
FeQ* - 7.89 8.78 7.53 9.77 8.41 8.39 7.90 .7.84 8.85. B.61 9.82

., ) Mno 0.122 0.15 0.15 0.14 - - - - 0.17 0.6 0.18

| M0 10.1 10.3 10.14 17.61 10.25 9.2l 8.70 10.6 - 10.78 11.82 10.26
a0 13.0 12,4 13.09 7 5.58 12.68 '12.73 11,50 13.51 11.30 12.13 '10.84
Na ,0 1.98 1.92 1,97 0.89 2.26 1,87 1.60 0.48 1.95 . 1.83 2.44
K,0 0.01 0.07 0.17 - 0,06 006 0.0 010 007 0.29 0.10 0.26
P,0¢ -7 0.6 0.08° 0.07 - - - - 6.11- 0.06 0.16
Mg’ ' 72 .70 .73 .78 .70 - .68 .68 73 .71 .73 .65
Ni 200 232 249 - - - - - 190 216 - -

Cry04 .. .07 .06 .14 .20 .03 .07 - .03 .05 .05 .07

4

*Total Fe as Fed ' : ' -
Mg'= Mg/(Mg + Fe?") where Fe’* = 0.9 x (Fe*s Fe3t)
**Normalized to 100 percent, volatile-free.

1. Most 'primitive’ ocean floor basaltic glass, DSDP leg 3 (Frey et al., 1974)
2. '‘Primitive’ ocean floor basaltic glass, FAMOUS area (Langmuir et al., 1977)-
3. Aphyric ocean floor basalt, N. Atlantic 45° (Rhodes, unpub. data in Basaltic - . i
Volcanism Study Project, 1981) ) . R S : '
. High magnesium dyke from Tortuga Complex (Elthon, 1979) .
. High-olwvine parental liquid to.FAMOUS basatt glasses (Bryan, 1979)
. Low-olivine parental 1iquid to FAMOUS basalt glasses (Bryan, 1979)
_Second stage melt (Duncan and Green, 1980) C L )
Experimental 9 kbar partial melt of plagioclase-spinel Therzolite (Sen, 1982)
Diabase dyke 79HPAD150-2, Annieapsquotch Complex . :
Diabase dyke 79HPAD153-3, Annieopsquotch Complex : o '
Experimental 10 kbar liquid equilibrated with spinel Therzolite (Takahashi and Kushiro, 1983)

= OwD~NOhO P

L b
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Table 5.15 llsts nine analyses.pqstulated by various

Workers to be ‘primitﬁve' or ‘parental’ to MORB and samples

79HPAD150—2 and 79HPA0153-3£(an81. .9,10f, all volatile- -

p) .

" free and norﬁglized to 100 X, It 4ig apparent that the

samples from the Annieopsquotch Complex are very similar.to.

pr#miti?e'giaéseélfrpm the present ocean floor and analysis
9 1is espggiglly‘similar to ‘the ’higﬁ4 6l£videf parental
1iquid (Table 5,15, anal.5) of Bryan (1979).° In addition
sahble 80HPA$£5b-2 1; very‘stmilar to the experimental mel;

-

produced by Takahashi and Kushiro (1983) at 10 kbar (Table

5.15, anil.l 11). Notably, the Mg0 and Ni éanents of

sample 79HPAD153-3 are higher than those of any of the
modern MORB’s postulated to be primitive. However, the Ni

content of sample 79HPAD150-2 {s somewhat lower than that

expected for.a primary melt formed by a. high degree of

partial melting of mantle material. nii

the postulated ‘primary’ pilcritic dyke from the

‘Toxtuga Complex (Table 5.15, anal. &) of Elthen (1979).

‘1f- picritic\melts are parental to ‘MORB, from inspection of

Figure 5.30, it~dg apparent that (provided that the 1lines

of inferred consltant _partial melting of Haft and Davis
(1978}:are correft) the composition of sample 79HPAD15373

. L]
could result f2qm about 5 %X of olivine fractionation of a

primary melt. While this sémple is ‘Ehe' most- ‘“primitive’

member of the dyke suiide analysed, it 1is not a ‘primary”’
magma by this criteria.

The suite of Annleopsquotch dykes appear to outline a

Vth dyke compositions are significantly differen'r.'
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1

Figure 5.30. Ni vs. MgO.diégramJ after Hart and Davis

'

(f978); showing; .

. l. lines of, 1inferred _constant partial . .
melting - of a mantle source (10, 20 and 30 %), *

2. curves for fractional crystallization of
olivine from 1liquids with original MgO contents
of 12, 16 or 20 wt, %, i -

3. field of basalts with high .pressure
xenoliths (vertical ruled) and field of basalts
and differentiates from five volcanic series
(horizontal ruled), ’

" 4., three postulated ‘primary’ baévlts,
parental to MORB (labelled- 1 =3 corresponding to
analyses in Table 5.15), ‘

.5, analyses of diabase dykes from the

Annieopsquotch Complex, showing the most- .

primitive samples (79HPAD150-2, 153-3) and the
inferred 1liquid 1line of "descent for. the suite
(heavy dashed line), o o

6. star, representing postutated ‘primary’
partial melt parental to  the -Annieopsquotch
suite. i 5 I .

Y
v







treﬂd consistent with the fractional cryatallization of
olivine as shown by the 80lid 1lines on Figure 5.30.
?:ojectfng this trend &admittedly toughlfl_gg intersect the
line of 20 (or 3Q)Ai' partial melting one determines an

initial Mg0 content for the primary melt of approximately

14 wt. %, with a corresponding Ni content of approximately

470 ppm.

A

5.15.4 Summary

The Annieopaquoé;h'ayke suité, like most MORB's offer
no conclusive evidence as to the composition of ‘primary’
partial melts of deﬁleted upper mantle. The m;st
"primitive' dykes ﬁave compositions consistent with primary -
meits add ére ditectly' comparable, to experimentally
p;oduced liquids at 9- lb kbar. The present writer favours
the 1déa that basalts with Mg0 contents ;f approximately 10
Wt Z are primary, based on recent work by Sen (1982) aﬁdt
: Taka:§shi-and Kushiro (1983). However, sample . 80HéADL53-3
is also coﬁpatible with a model involvihg approximatgly 5%
éf olivine frgctionation fFom a primary picrific» méltl
Olivine fractionation (+/- spinels would have increased the

- »
Fe/(Fe+Mg) ratdo and rapidly depleted the liquid of Ni (+/-

¢r). : J.‘\\"‘

-The composi;ions of the more differentiated members of -
the dyke suite could have been dérivgd by a combinatfon of
olivine + plagioclase + clinopyroxene‘frhctionaciod.. This

1s reflected in the composition of  the critiéai zone

cumulates which 1include troctolite, -olivine gabbro 'anq'




.
.. ™ .
N 1

g

.t 5 W . ! . . ) . .
‘minor anorthosite.d'_‘TheA ma jor fra«;tiona_ting minerals in the

high fle,vel ctiu'at';all ‘magma c'hainbe'rs-_ were plagioclase and

clinopyroxene. “As recorded by their vafiablg, Fe/(Fe+Mg)

ratios, emplacement of diabase dykes'to'gfo:;'.m the sheeted

dyke zone ﬁroceeded}th‘roughout‘much of th.é:i:.rys_tallization

. history of the_.qagma’ctiagn,befs. .

v
. .
.
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'CHAPTER 6 GEOLOGY AHD CEOCHEMISTRY
OF THE VICTORIA LAKE GROUP

6¢1 INTRODUCTION -

. -
¢ 1 -
‘

The Victoria Lake Group (Kean, 1977) is8 a series of -

{soclinally folded and’ faulted mafic, laternediate and

-

- ’felsic f'lows, tuf“fs. and tuffaceous sedinientary rocks and v

» .

'adsoeiaeted plur.onic rocks which underlies a latge V-shaped‘ ’

-

area of central Newfoundland. The folds have 4northeastv

‘ttending axes and are cut by northeast striking faults.-‘

The Group is’ poorly exposed with 1less than ‘o;\e percent K
. ’ 4 :

& L
outcrop in general. . )
! y ¢ '. ! A

. The only known 'age for the Viétor'ia Lék'e‘ G:rdup comes

from conodonts in’ limestone 1nterbedded.w1th tuffa ne'ar Red

Indian Lake. The Llanvirnian- Llandeilian age ,determined
: ‘ : rmine

’

by Stouge (reported in Kean and Jayasinghe, 1980)- 18 from.

an uncertain height within’the sequence a’nd t:onb‘e_ﬁuently
- .

the time span represented by deposition of the Victlprlia-

Lake "Group 1s unknown.

The contact between the‘V‘Victoria Lake -Group and.\the
s

Annieopsquotch Complex :ls interpreted to be a fault on_ the
nor‘thweat slde of Yictoria Lake. There has been post
Ordovician movement on ‘this fault 1nyoiv1ng intrusion of
granite (Map 1) and disruption and steepeni.ng of
terrestrial sedimentary rocks ‘in Siluria; or later time.
However, this structure may hn\;'e been a thrust fault 1in

Ordovician tise. Iem Higuai Brook, - dark and light grey




cm-scale bedded cherts (Map 1) form folds overturned

towards >thé .ophiolite, They have nortﬁeaet striking axial

planés that dip 60 to 70 degrees southeast. These chertg

‘may represent the ‘original .sedimentary cover . to the

ophiolite and are in apparent conformity with mafic ‘and

Antergedltate tuffs of the Victoria Lake Gr_oup. However, no
o v . i .
continuous section can be demonstrated through the sequence

v
.

_ophiolite — bedded cherts - tuffs. : o
%* Dacitic dykes, which are litvhologic,alf‘ty and chemically

»'._'."simiiar to rocks of the " Victoria Lake Group, cut the

.

Armieoga.quotch Complex. This indicates, as: does the fossil

.1n part postdated formation of the ophiolite. It also

suggests that '”t.he -ophio-lite and Victoria Lake Group were .

ad jacent in Ordovician time and’ not brdught ,together later

" by transcurrent movement along the fault Kxow separating

them. The fact that the dacitic stlls al:'é> only . found
cutting the top of the ophiolite, the part qloslest to the
Victoria‘ Lake Gro.up now, s.u.ggest's that the o\ eanlec crust
was disrupted before ol: during dacitiX volcan{sm.
Otherwise one would expect to observe simila\r_ dykes 1in

other parts of the ophiolite,

Felsic flows, ¢tuffs and sgsedimentary rodks have a

penetrati've cleavage with a northeast trend ad\d generally

.stee'p dips. Some mafic rocks and small diorite "%lntrusions,

which are ' common 1in the Victoria Lake area, h#ve nassive

v»intebriora and cleaved ingfgins. Strain was heterc*geneous in
. ’ . - o

dacitic aggiomerates. The cores of large ﬂbonbs are
) - x

!
|
i
i
P

|

e b

evidence, that magmatic activity in the Victoria Lake dr;)up
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essentia}li undeforned but the'margihs,of thé "blocks and
‘the tuffaceou sedimentary matrix are strongly cleaved and
‘the cleavage rapé around therblocks. ‘
Alteration a;; silicification of the volcanic rocks 1is
.wide;pregd. The tuffs of. Lntermediaté and - felsic
composition are now ptedohinénfl& chlorite - séridite -
quartz - felaspar,sqhists with the latter two minerals as

phenocrists that appear as clasts in the schist, Carbonate

Visv abundant 4in the matrix and as thin seams and fracture

f1llings in these rocks. This accounts, in part; for 'tha-

high los;es on ignitioh'reportedufor»song sam#les. Dacitic
bombs in the agglpmeraté have gfey-green :fgegh} cores and
buff to wﬂitq sili;ified margiﬁs,‘often as fuch as_five.gﬁ
thick. Analyses repofted in this work are of the least

altered cores of ~the bombs. »

6.2 AREAS SAMPLED

During this study rocks of the Victotia Lake Cfoup
were examined 1n the Victoria Léke area (Map 3) and 1in
iuatties and roadcuts along.tﬁe Burgeo road (Map 2). Theée
'areas  were not remapped beéaQse recent geologiéai maps of

the Victoria Lake and King George IV Lake map areas (Kean,

1977,1983) are sufficiently detailed, considering the poor .

exposure.

Most tuffaceoug rocks‘were waterlain and show mineral

A

grading, crystal- rich beds and argillaceous interbeds,.

Crossbeds and scoured bases of beds _are locally present.

¢ .
v . . -
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None of these: roéké were;’analysed asiany samp}e;wquld
goﬁstituce a mixture of.'bofﬁed :voléahic\-and sedimeqtary
'méterlals. ] Only‘ piiléhed and maﬁsive’flows, sill§,4dyke§
and diorite plugs  were énalyse as. thése could reasonably

be interpreted to represent liduid compositions.

6.3 OCCURRENCES OF MAFIC ROCKS

-

.

."ﬁafic rocks of_ the ’ Victoria"Lake Grohp océurA as
maésive and'pillowed flows, tuffs, diabase dykes and silis,
and gabbro. On‘the east‘shpreA of Henry Waters  (Map 3)
gabbro 1is bresént, cut by diabase dykeé. farther south, on
the same shore, pillow i?vas are present. To the south of
these, Jbedde; tuffaceous sgdimsntary rébks are c§t by a
daéitic porpﬁyry intrusion. The contact between the pillow
lavé and thé sédimentary rocks and porphyr; was not seen.

. Mafic flows énd pillow lava also océur in roadcuts on
the, Burgeo road and in a quarry east of the road (Map 2).

~

Flowg,iﬁ the roa&cuts' Just south :of the Annieopsquotch
Mountains are quite fresh. bur pillows in the(qﬁarry are
strongly epidotized and sheared and contain carbonate 1in

fractures. Pillow lava, 1nterp?§f€§-by Kean and Jayasinghe

(1981) to be part of the Victoria Lake Group, occurs 1in a

fault-bounded block east of Boogie Lake in the King George

IV Lake map area (Maf 2).
Mafic dykes, interpreted to bé.papt of the Group, cut

‘dacitic agglomerate at thé north end of Henry Waters and




o

little detrital sedimentary material. vSimilar tuffs were

'Vere “rejected . due .to high losses on ignitfon. .The major

tuffaceous rocks west of the Burgeo road. Mafic tuffs, cut

by a diabase sill, outcrop at the south end of Victoria

Lake. The tuffs appear quite massive and nmay contain

.

also observed 1in HigwamABrook at 1its mouth at Victoria-

Lake. They 'may be part of the same horizon.

6.4 CHEMISTRY OF THE MAFIC ROCKS

These rocks are weakly to moderately cleaved and have

undergone variable amounts of hydrothernii alteration,.

This 1§ reflected in their losses on lgﬂifion, reported {a.

Tables 6.1,2; which vary from 1.30 to 7. 16'wt."l., This

alteratioa is also reflected in the varfation in some major

»

as well as"mobile' trace element contents. Nevertheless,

an attemp; is  made to characterize the Group by. relying

- . . S, . » . L
mainly -an its ‘immobile”’ trace elenent <contents.
A v . . '

- Twenty—-nine samplgs.oé basalt were‘aﬁalysed although - four

and trace element contents of iwenty- five are reported in

oy

Table 6.1. "In addition, thirteen samples of mafic dykes

.

and sills were ‘atalysed (Table 6. 2). REE contents‘of seven

.

of these rocks are reported in Table 6.3.

$102 contents iary from 45.3 to 58.8 wt. ¥ in- rocks -

that were mapped 1in the field as basalt.’ Two samples,

B1HPADO14~1 and 2 with 58.6 and \gg 8 wet. % 5102 are

L}

strongly altered. Secondary silicification is thought ta
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TABLE 6.1, MAJOR'AND-TRACE ELEMENT ANALYSES OF MAFIC VOLCANIG ROCKS.
‘OF THE VICTQRIA LAKE CROUP

*

81D 810 81D- 81D - 81D 81D 1D 81D  BID 81D BiD
"014-1 -014-2 . 016  .017-1 O43-1 04B-1 047 ~ 051-2 051-3 051-4 . 05h-1
Si_Os © 58,6  58.8  u4B.O . 4916° 50.5 49,1 .b7.9 56,0 50.8  52.6 52,0
Ti0, 1.54. 1,30 - 2.20 2,75 _1.59 1.3 1.06 1.47 1.47 1.48 2.43
. Al;05  16.2 15.9 13.8 15.5- 140 15,1 15.7 18.9 18.8. . 19.2 15.8
= Fe0y 1.45c 1.62  B21 420 3.48 " 2,80 3.77  2.9%  L.61. 33k 453
FeO - 5.5 5.53 - 10.k4 8.74  B.30  7.21 ‘+6.0b 4,29  5.51 5.01°  5.58
. Mno 0.15  0.15 0.20. 0.37 0.21 . 0.20 0.19  0.12  0.17 . 0.1 0,20
. kg0 3.1k 340 C 6.98 2.89 ° 6.62 .95 7:91 3,68 . 5.20  4.53 [
Cad | 6.21°  5.69 11.4 8.0 9. . B.78 10.0 = 2.49  2.25 2.32  3.09
“Nad. . 3,5 ik 21 41 3.9 -3 2.8: 7.4 6.0 5.9. . 5.4
K0 . 1.8 1,06 o0.14 0.21 .0.14 . . 0.29 0.33 0.39 1.24 0..59
P,og " 0.28 0.26 o0.15 1.17 o0.i2- ,o0. 0.06  0.31  0.3%  0.35  0.33
* L.0.I. 2.32 2.59 1,30 2.72 131 3.70 2.71 3.61 3.41 4,8

Total 100.10 100.50 100.85 100.29 . 99.31 99.42  100.6% 99.% 99.52 . 99.17

Rb 22 25 3 g 3 5 27 .23
Sr - 309 24k 183 66 © L0, : 180 155 57
Y 'S Ls = 115 - 55 40 Ly Ly 60,
2r 189 182 519 73 137 199

Kb 9 9 Y i 3 3 >3
¢n 56 60 162y 3 ‘ 134 148
Cu 1 C1 L 0 2 K ’ D 0 5%
- Ni 10 - .12 o 34 4 c 11 20

Ba 486 423 219 80 . N 233
v . 200 216 . 103 420 ' 276 516
(;1‘ 0 0 ;0 = 82 . , 17

0= not detected .~




TABLE 6.1. MAJOR AND TRACE ELEMENT ANALYSES OF MAFIC VOLCANIG ROCKS
OF THE VICTORIA LAKE GROUP : ’
81D . 81D 81D 81p - 81D 81D 81D 8y - g;?-z ' g;g
063-1 063-2 W65 113-4 .. 186-1 186-3 188-1_ 295-1 :

si0, 4g.8 L8.9-  49.7. 50.6 50.2 50,9 49,0 48.5 . 47,7 50.6
Tio

2 1.13  1.60  2.38  0.89 1.4 1.7 1,38 2,07 2.06  0.52

‘A1203 14.8 14,7 16.0°  19.1 15.7 16,2 15.5 13.2 13.3 . 15.8
Pe,03  2.14  3.50 4.5 143 373 308 2,06 3,73 . 2,70 2.38
FeO 7.22 . 7.79 7.87  7.87 6.51 6.58 8.37 9.80 10.58 7.65

¥.no 0.22 0,25  0.21 Q.09 0.18  0.17  0.26 .25 0.26 ' 0.22
Ngo 7.60  5.42  5.07  5.61 5.95  5.75  7.90  6.64" 6.52  7.02..
cao - 7.50 6.69 5.43 3.27 9.17 7.43 8.08 10.1 10.5 9.57

Na,0 4.6 bk b.s 5.0 4.0 bb 3.7 b 2.3 2.8

. K,0 0.21 0.86 0.88 0.20 0.28 0.22 0.15 0.11 0.10  0.43°

P205 0.11 0.17 0.43 0.05 . 0.13 0.11 0.11 0.15 0.17 0.10

L.0.I. 5.32 5.25  3.13  6.1)3 2.80 2.87 3.6 3,38 3.23  2.86
Total 100.65 99.53 99.65 100.24 100.08  98.47 100.15 100.33  99.42 “99.95

R 5 33 29 0 .9
Sr 156 170 214 106~ 219
Y- 30 - bi 55 y 54 s
ir 69 125 179" . 4 } 2
NDb e% 3 12? - ! . o 4 5 0
Zn . . .

cu 51 5 b4 60 : 1(.)8
Ni 33 9 . . Wy
Ba ok 356 : . ihg
v 299 k61 . . : 346

Cr 121 21 1 - o . 86

O= not detected.
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- “TaBLE 6.2. MAJOR AND TRACE ELEMENT ANALYSES OF MAFIC DYKES AND SILLS -
.. . . OF THE VICTORIA LAKE GROUP )

\ .-
81D 81D 81D 81D - 81D 81D 81D o .
) [ . 013-2 054-2 070-1 - 070-2 070-3 970-4 074 :
o :
- §10, 46,6 48.3  b5.8 49,1 48.7 48.4  b8.0
Tio0, 1,32 2,25 2.90 1.53 | 1.81 | 1,88 1,68
AL04 . 16.9° 14,5 13.3 +  .17.0 14.5 16,8 15.1
- Pe,0, 1,69 12.6 - 5.56 . 4.28 3.57 8.21° b8
A FeO 6.84 " 7.01 9.80 6.01 8.44 o 8.22  [7.08
Mn0 . 0,21, 0.15 0.28 0.18’ 0.23 0.23 0.22 . .
NgO- - B.51 2.73 5.87 7 5.43 5.84 £.30 6.07 -
] ca0 10.8 1.72 5,17 10,4 8,66 . 8.30 9.54 '
T s : Na,0. 1.6 5.4 2.4 2.6 IS 3.0 2.9
=N . . Kz0 0:15 . 1.03 1.25 0.34  0.55 0.22 - 0.41 -
~ . P2°5 0.17 0.34 0.23 0.19 0.18 0.19 0.17 - . Lo
Lo.1.- 5.35 2.7 T2.56 3.27 J.(BO ) 3.25 . 3.00 - 1
Total 100,14 98.73 99.10 100.43 . . 99,68 99,00 99.01
L , Rb 9 31 - 53 14 23 3 12
: : sr 217 &6 .23 249 160 - 248 236
. : Y 32 62 k5 41 48 43 37
) ’ s ir 91 186 132 97 106 - 112 90
Nb 2 3 1 0 4 i 3
Zn 105 132 - 139, 103 116 . 128 112
, Cu " 11 17278 Cal RS © 52
Ni 129 20 . 41 19 19 .16 26
_ Ba . 96 568 © 369 299 ‘179 126 162
ST o 179 - 897 629 300 377 3/ 312
v Cr . 166 1 39 33 23 18 33
. - * * N
: ¥
81D 810 810 81D 810 . 81D
075-1 ~ 086-3 091 . 0943 099 102-2
sio, 49.2 52.) 48.6 43 48,6 s, °
$ 3 .m0, 2.05 0.88 217 0.48 1.95 2.28
" ALy04 AT 19.8 14,3 15.3 15.2 14.4
. Fe,0, 5.09 2.62 436 1.75., 4.9) 5.72
FeO 8.87 ?7.08 . 8.51 6,08~ 7.65 8.15
MnO 0.27 0.25 0.25 0.20 0.20 0.40
: Mgo 5.26% 4,73 5.18 8.56 5.1 . 6.52
@ o Ca0 7.55 . 1.97 8.90° 9.06 6.07 9.46
' Na,0 Job 4.6 3.1 0.2 3.2 0.0
- TK0 0.81 0.95 ° 1.2§ 6.1k 0,27 0.09 ’
o . Py0, 0.23 . 0.10 0.27 0.03 0.22 0.3
: L.0.I. 2.81 b.4) 2.25 7.9 5.46 6.15
R Total 100 . b4 99.70 99.14 100.00 , 98.89 99.31 . N
T Rb 32 2) 60’ 235 10 0 )
Sr J12 147 240 | 60 215 479
Y . 56 37 58 20 . 41 39
Zr 150 5 213 1 126 139
Nb 4 1 . g 0 .3 . 20
- In 14 127 128 95 121 187
- - Cu 34 [¢] 85 0 38 21
Ni 8 . 11 1279 120 C20 88
Ba 252 408 - 290 670 133 66
: : o v n 339 408 219 398 . 377
) . or Q 35 36 588 33 2 .
Oe not detected
e S ) , i
v . :
i ~ (
o
. ‘.‘-b
.




be.the‘reason fér the high silica cbntént of some of . these
rocks.  All Eo&k sampleé rgpor;ed in Tables 6.1,2 wére
identifiéd\as baqalts according to the seheme of Irvine and
Baragar (1971);‘ Ti02 contents of the basalts va}y from

0.52 to 2.75 wt'. X; a wider range than that determined

for diabase dykes of the. Annieopsquotch Complex (Chgpteri

'5). Al203 contents vary from 13.1 to. 19.2 wt. % 1in the.

\.

basalts, 1likely due to plagioclase ffactiodhtion,‘as éhia
mineral 1s the commany observed phenocryst phase:.
Ee203‘qontent Qf the basalts, certainly affecfed_ by
r g1tgra£ion, varies from 1.35 to 6;76 we. l;‘ FeO varies
from 3;29 to 10.6 wi. -%. MnO contents range between '0.09

and 0.37 wt, - ZX. MgO  varies from 2.89 to 7.95 wt." X,

probably due to both primary fractionation and secondary

én;lchdent by ;eafloor aigtration (cf. Mottl, 1983).

Cg, Né and K contents were céftaiﬁly: modlfigd by
alteration processes.

P;, Th and U were ‘'sought for but were not detected {1n
mafic volcaniec rocks of the Victoria Pake Group. Rb and ér
.are’both_congldered ‘mobile® elements 1in rocks of the
Gfoup; The high ®Rb and Sr vaiues of 69 and-767 ppm both
'6c;ur in:saméle 81HPADOS57 which contains the highest, KéO{
P205 and Ba con‘ten‘ts as well (Table 6.1).

" Nb, Y and‘erare anomalo;aly higﬁaat 115, A&F and 517
ppm, 1in sample 8YHPADOI5—1. . This sample is an‘altered

plaiioclase - porphyritic pillow lava from an ‘outcrop on

" the Burgeo road.
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6.5 DISCUSSION OF VARIATION DIAGRAMS

v

- Mafic volcanic rocks and dykes and sills ﬁlot,/qver a

large area on the standard AFM diagram (Figure 6.1).

'ngnty - four analyseé piot on the tholelitic side of the-

tholetitic = calc-alkaline dividing line of Irvine and

Baragar‘(197l) and fourteen plét on the calc-alkaline side.

‘This ts  1likely a result of enrichment of alkalis,

.especially Na,. The same effect 1é‘ noted, to a lessgr

extént, in the Annieopsquotch Complex where pillow lavas
plo;‘fo thé alkali - rich side gf’the Fe .enrichment trend
défined‘lbi frésh diabése dykéa of the sheéted dyke zone
(Figure 5.2%..
. ’TiOZ contents of mafic rocks of the Vicédtla Lake
Group *1ncrea;e wlth . 1increasing FeO*/Mg0 and, in general,
display a tholeiitic 'Erenﬁ ‘%i;ilat_ to that of the
Skaergaard Inttuslon (Figure 6.2)%
L ) i
sr, K, Rb and Ba have been used by Pearce (1980) to

dlscriminate‘ betweeif fresh basalts erupted in different

‘tectonic settings.A Baéalts in 1sland arc and oceanic

1sland settings have "higher concentrations of these
elements and, when nqrhélized to the average MORB of Pearce

¢1980), they 5plot above‘l_on the trace element variation

- diagram (Ffﬁure 6.4,5).. Pearce cautioned against. ~using

these elements when studying ‘metabasalts’ however as they
are dehonatfably.nobilqu 'Theée elements aré enriched 1in
basalts of.the>V1ctdriaiLake Group'(Figure 6.4,5) butuit is

Bt pdppibIe to say what‘proportion of this enrichment is
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Figure 6.1. AFM diagram showing all rocks amnalysed from
the Victoria Lake Group and several
differentiation trends. Dashed line. is
tholelitic : alkaline dividing line of Irvine
and Baragar (1971); Mafic volcanics show
considerable scatter and a trend towards alkali -
rich compositions. )
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Figure 6.2. T102 vs. FeO*/Mg0 diagram with mafic volcanic

’ and plutonic samples plotted, and the Skaergaard
trend. Symbols are ag In Filgure 6.1. Despite
some scatter, especially at low TiO2 contents,
most points fall along the trend.

Figure 6.3, Al1203/T102 vs, T102 diagram (after Sun and
Nesbitt, 1978) showing fields of komatiites and
Mg basalt, Betts Cove high - Mg 1lava and MORB,
Mafic .volcanic and -plutonic rocks show a wide
range of Ti02 contents. Most samples fall in the
MORB field or along 1ts projection to higher T102
contents, Samples with low Ti02 contents plot
above MORB on a trend towards the Betts Cove
field.







Figure 6.4. Abundances of elements in mafic rocks 'of .the
Victoria Lake Group, normalized to the average
" MORB of Pearce (1980). Most samples are altered
and the ‘mobile’ elements; Sr, K, Rb and Ba are
varlably enriched relative to , MORB. The
‘fmmobile’ elements show a much smaller range of
varlation and are generally - less than 2X MORB
abundances. Cr 1s strongly depleted in most
sanples. Sample B81HPADO17~1 1s strongly cleaved
and epldotized pillow lava from the Burgeo road
section and has apparently .undergone significant
chemical reconstitution.







Figure.6.53

. Abundances of elements 'in basaltg of _the
Victoria Lake Group mnormalized to the average
MQRB of Pearce (1980). Samples show a wide ramge
of concentration of all elements, ‘except Nb,
which shows values typical of MORB. Also shown
i8 the range of trace element contents of dykes
and lavas from the Annieopsquotch Complex.

Inset shows the range of MORB compésitions
determined from the FAMOUS area by Wood et al.
(1979; so0lid lines) and trace element ‘contents
of calc- alkaline basalt (long dashed line) and
tholefitic basalt (short dashed, line) from the
Sunda Arc, after Whitford et al. (1979). '







primary feature of the lavas and what 1s due to alteration.

The incompatible elements P, Zr, T{ and Cr were shown

-

.by Pearce (1980) to be depleted 1in island arc basalts

relative to MORB. However, other studies have demonstrated

Al -

that both island arc bagsalts and mid -~ ocean tidge basalts

[

have -a broad spectrum of contents of these elements

(Whitford et éi.,l979; ; Dixon and Batiza,1979; Wood et

~ H

1.,1979 and others), ‘and ‘a significant owerlap exists.,

Some samples’frgm the Group (81HPADOS57, 186-3, 188-1
and 298) show depletion of Zr, Ti and Y relative to the

- tandard MORB, similar to that shown by basalt from the

Sunda Arc (Whitford-et'al., 1979) or, MORB from the FAMOUS

A

area (Hobd et al., 1979; Figure 6.5). However, the

[

majority of samples are not depleted 1in ‘these elements

relative to MORB and, kxcebt for st, K, Rb .and Ba, they

overlap the ‘urange of‘ bagalt compositions from the

Annieopsquotch Complex .(Figure 6.5).
On the N1 vs. Cr diagram (Figure "6.6), samples

cluster at low Ni and Cr contents with some samples shqwing
. M / .
a positive correlation to Ni and Cr contents as high as 141

and 5§8 ppg respectively. . 2

Qn the T{ vs. Cr diagram of Pearce .(1975), used to
sep;tgte ocean floor basalts from i1sland arc gasalts,'most
maflc rocks of the Victoria Lake Group plot in the 'island -
arc field (Figure 6.71. These rocks have T102 contents in
the range typic;; of MORB but Cr contents vary through the

# full MORB and {sland arc tholelite range.

On the.Cr ws. Y diagram, the f{i\\volcanics, dykes *

¥




°

Figure 6.6. Ni vs., Cr diagram for 'mafic rocks of the

' 'Yictoria“hpake Group; symbols as in Figure 6.1,
These elements~co-vary but most samples have Cr
contents - under 100 - ppm.. Compare to the
equivalent diagram for diabase dykes of the .
Annieop#quotch Complex (Figure 5.1). N

/\,_
A

‘

Figure 6.7. T1 vs, Cr diagram fter Pearce, 1975)  for
. mafic volcanic rocks Af the Victoria Lake Group.
"Most samples fall Iin &£he low-Cr field of island

arc tholeiites at roughly similar T{ .contents.

- . , .
. ,
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and - 811ls of the Victoria Lake Group plot 1in the wtthih-

s

"plate basalt field, which overlaps, the field of MORB at Cr,
’ . Y

contents between 100 and 900 ppm (Figure 6.8).

l

. Thefe 1is a Sti::E—POSItive correlation between TLOZ
1

7aéd-2r and T102 gnd'Y contents of these mafic rocks ( igur@A

el

' 6.?,110,). Furthermore, on the T102 vs. Y diagr they
cluster along the line defined ‘byrdiabgse- kes of the
sheeted dyke zone of the Annieopsquotch Complsx, which

représent MORB liquid compositions (Chapter 5),

“ , : _ s

.

] i .
6.6 RARE.EARTH ELEMENT CONTENTS

’

y

Gabbro and a-digbase dyke from the east -side of Hen?y
Waters were analysed;for REE, ag)were five b;salts from the
Victoria Lake Gfdup (Table 6;3). All sampleerﬂ.ekcept
basalt 81HPADOL7-1, have flat pag{:rng with concentratio&é
betweeﬁ 15 and 40X chondritic (Figure 6.11). yThey are ver;
simfilar to dykes and pillow lavas from-thngnnieopsquotéh
Couplex (Figure 6.12), except for some enrichment ef the
LREE, and most also fall within the field of tsland arc
thdleiitep of Jakes and Gil1 (1970). ~ As they have
abundances that largely fali in the area of overlap,pf
MORB, 1sland arc thole11£es. ;nd Annféopsquotch basalt

fields, the REE patterns of these rocks are of Fittle help

-

in determining the eruptive éetting;'

. .The concentrations of REE in the gabbro and diabase

dyke° are significantly higher than those of the gabbros in.




“

the field of island arc tholeiites and the
overlapping flelds of °‘MORB and within plate
basalts, Mafic rocks of the Victoria Lake Group
fall in the area of overlap and of' within plate
basalt at low Cr contents. )

Figj;e 6.&. Cr vs. ¥ diagram (afteg Pearce, 1980) 'showing







.

Figure 6.9. Ti02 vs. 2Zr diagram (after Pearce, 1980) with
* the fields _of MORB, arc lavas and within plate
lavas. All rocks from the ‘Victoria Lake G?odp

. are plotted; symbols as {in Figure 6.1¢ The -
. mafic rocks cluster in the MORB field, but a few
scatter - to wunusually’ low and high Zr contents.
Most rhyolites and dacites cluster in a small

area of the arcolava field.

7

-

Figure 6.10. T102 vs. Y diagram (after Perfit et al.,
1980), wicth trends for Hawaiian tholeiites, MORB
and the best fit line for dykes and pillow lava
of the Annleopsquotch Complex. (Figure 5.10A),
Mafic volcanic rocks of the Victoria Lake Group
clearl plot along the Annieopsquotch trehd;
some fall along the trend of N-Type MORB. Inset
shows the trends® produced by different
fractionating minerals. The data 18 consistent
with fractionation of plagioclase, clinopyroxene
and olivine. ’ :
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o TABLE 6. RARE EARTH ELEMENT ANALYSES OF ROCKS
FROM THE V_ICTORIA LAKE GROUP
4
]
DIABASE
GABBRO  DYKE ' BASALT DIORITE DACITE KHYOLITE
81D 81D 81D 81D 81D 8D 81D 81D 81D 81D 810 " 81D
070-1" 070-4 014-1 017-1 051-2 051-3 102-2  @75-2 0672 081-2 088-1 073

La 10.99 9.72 ;13.11 64,48 2,98 8,56  6.34 | 17.57 | 20.49 17.40 11.74 | 5.16
Ce 30.73 | 28.47 | 25.64 154.3% 10.26 25.59 18.87 | 41.70 | 43.73  35.20 31.63 | 15.5k

Pr 4,28 3.92 b.20 20.18 1.97 3.89 2.76 5.05 6.31 5.25 4.05 1.88

Nd 23.35 20.29 17.29 ° B80.16 8.80 16.72 12.93 19.18 25.08 20.44 16,45 9,73

" Sm 7.38 5.81 4,57  16.52 2,98 5.22 3.59 3.70 |- 5.00 4,17 3.98 3.08

‘ Eu  2.57 2,14 | 1,38  2.88 1,05 1.57 1.83 | 0.19 | ©0.75 0.8%  0.20 1.17

- Ga 7.24 6.62 | #.63 15.83  3.78  5.9%. 5.13 | 3.93 | 4.03  4.57 494 3.37

Dy  7.98 6.83 | 4.77 16,76  b.64  7.47 9,58 | .31 | 3.63  5.78  7.27 | 5.05
Er 4.96 3.95 3.3 7.34 3.73 4,30 4.80 2.84 2.42 3.75 5.37 4.10
Re 3.82 3.27 3.34 S.11 3.65 . 4,18 3.02 3.03 3,14 4,19 6,36 4439




X /

Figure 6.11. Rare earth element contents of mafic rocks of
"the Victoria Lake Group, normalized to the
chondritic values of Taylor and Gorton (1977).
Approximately flat patterns, at concentrations. of
10X to 45X chondrite predominate. Field of
1island arc tholeiites (Jakes and Gill, 1970)
covers a wide —range of concentrations and
includes most sample data, except for some LREE
and sample B1HPADO17-1.







Figure 6.1

2. Field of rare earth element contents ' of the
six clustered samples from the Victoria Lake
Group compared to the eleven dykes and pillow

-lava from the Annieopsquotch Complex. The fields

overlap; however, some samples from the Victoria
Lake Group are enriched fn the ‘mobile’ LREE.

t
+
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the Annieopsquotch Complex (40X chondrite V8. 12X
chondrite, Figure 6.12). This suggesfs, ‘but does not
prove, that the gabbro 1is related to the voldanics‘ rather

than part of a ‘high level’ gabbro magma chamber. .-

4 .
6.7 DISCUSSION/~ SETTING OF BASALT FORMATION
{

>

The basalts of the Victoria Lake Group 4in the area
studied show a range of variation from those with chemical
signatures s8imilar to MORB to those with seignificant
enrichment of Sr, K, Rb, Ba and LRfE similar to igland arc
tholeiit;s.. |

The chemistry of the basaltic rocks 138 suggestive of
MORB ‘buE their trace element contents are variable, with
some_rocks markedly enr}ched in the ‘mobile larée ion
lithophile eleménts. However, this suite of rocks 18 much
more "_altered than lavqg 'an& dykes of~ the ad jacent
Adnieopsquotch Complex and therefore, little confidence is
placed in classification schem;s which use these elements,

Cr contents are lower and 2r contents higher for
basalts of the Victoria. Lale Group than Athose of the
Annieopsquotch’ Complex. This results tﬁe suite plotting
predominantly 4in the IAT field on the Ti{ vs. Cr diagram
but squarely in the MORB field on the T1 vs. Zr diagram.
Ti contents are in the MORB range, and on Vthe TL vs. Y

o .
'plot analyses ;lot on the Annieopsquotch trend.

The trace element data (except for Cr contents, which




’ C . - by
are Iin some cases very low in basalts of 'the Annieopsquotch
Complex too) indicate that the suite has MORB geochemical
affinities. Rare earth element data are compatible with

a

such an interpretation.

-

v

It has Dbeen previously suggested that basélts
outdropping along thé Burgeo road are ophiolitic and that
they ~diffgr from those of the King Géorge IV . Lake
ophiolitic fragment wainly as_a result:bf‘deformatton and
alteration (J. Fenton, pers, comm.,1979). The trace
elegent chemistry supports this suggesfion; only mobile
LIL and LRQE elements are énriched in these rocks relative
to MORB. '

It 1s likely that the basalts in the area studied are
related to the: King George 1V Lake ophiolitic fragment.
Howéver, it 1s uncertain whether or not they Qre

representative of basalts throughout the Victoria Lake

Group. A

6.8 ROCKS OF INTERMEDIATE COMPOSITION

v

Andesitic _rocks are felatively uncommon in the
Victoria‘iake Group In the areas examined; a maximum of
five percent by area. A few hornblende and plagioclase
pbfphyritic 8ills wete obsgerved, which are interpreted to
be andesites, however these were ﬁot‘ analysed. Several
dark green rocks, 1nterpreted in the field to be basalts

were found, on analysis, to be andesitic. Two are reported

'




in Table 6.4, however, they are very close in composition

to the baqalts and may be silicified equivalents.,

-

G;Q,FELSIé ROCKS
6.9.1 Dacices

Dacités were Identified 1in the fileld byi their
grey-green to buff colour, presenée of quartz‘and feldspar
phenocrysts and lack pf mafic phenocrysts. Thick, bleached
sllicified zones are common. ” b

Dacitic volcanic rocks and their presumedv_plutonic
equivalents, diorite and dacitic porphyry intrusions,.are
common in the Stanley' ﬁate;s area, Fleld relationships
indicate that the three ‘tbck types are consgnguineous.
Dacitic porphyty locally intrudes and engulfs tuffaceous
sedimentary rock; that show evidence of being soft during
intrusion. Diorite bodies 1intrude agglomerates containing
dachié biocka. The large s8ize of these blocks, up to
three metres by two metres, 1in Sganley Waters: suggests
proximity to a volcanic vent. This supposed proximity may
explain the abundance Vof small subvolcanic andn.coarse;
Igrained plutonic bodies.

bacltic aggldmerate on the west side of Stanley Waters
- displays. a érading of block sizes in a bed several metres
thick; It is interbedded with tuffaceous sedimentary rocks
which also show graded beds. AA most of these tuffaceous

rocks show features charactetistic of subaqueous




TABLE 6.4. MAJOR AND TRACE ELEMENT ANkLYSES OF iNTENMEDIATE AND FELSIC
.ROCKS OF THE VICTORIA LAKE GROUP

© 81D 810 815 810 81D 810 810 81D
060-1  060-2 076 086-2 064 066 067 0721

50.7 51,6  60.3 .60.0  62.2  60.9 6676 52:8

0.57 0.95 - 0.51 0.82 0.49 0,48 0.42 0.65

18.6 16.9 18.) 17.0 19.0 18.) 15.3 17.6

3.02 . 2.86 2,06 2.54 0.16 1.51 1.12 1.51

6.22 9.01 3.00 4.29 . 2,79  0.86 2.92

0.18 0.26 0.11 0.21 0.10 0.11 0.07 0-15

6.64 6.13 1.79 3.05 .76 1.07 0.70 1.59

44 2.27 2,28 2.26 .72 1.51 1.75 2.52

L.6 3.6 5.8 5.9 .6 5.5 1ol 5.3

K0 0.82 0.67 3.58  0.25 09 $.76 8.6l b.52

k50 0.12 0:05 0.26 0.16 .20 0.20 0.16 0.138

5

L.c.I. 3.89 4,23 1.12 3.5) . 1.45, 2,12 3.35

Total 99.77 98.53 99.11 100.01 99.58 99.11  98.30
Fb . 21 : »n B 33

Th : 35 L7 35 31

u 10 20 .9 0

b . 83 186 174 109

sr . . 120 69 164

L9y 29 Ly

Zr : 256 224 187

1 1 13 10 11

159 61 81

o 0 1

2 0 0

8 1530 - 1505

? 24 131

0 0 o

81D
090
64.9
0.5)
16.6
1.43
1.57
0.10
0.84
2.08
5.1
4,35
0.20
1.24

[ -
o £
NONNDXTAEVNO FO

-
~
ow§E

O= not detected
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deposition, only blocks 1in the agglomerater and the

inttusive rocks were analysed.

6.9.2 Rhyolites

Rhyolitic rocks are more abundant 1in the Victoria Lake
Group than in the Ordovician ‘early arc’ volcanic sequences
to the north‘in Notre Dame. Bay (Swinden and Thorpe, in
bre;s). Rg}blite occurs as flows and sills i{n the area

examined. ‘ﬁuff to purple flows, which contain guartz and

feldspar bhenocrysts, occur in a quarry on the east side of

the Burgeo road (Route 480). They are vertically dipping

and fairly massive. Rhyolite also otcurs in a roadcut vést
of the road, immediately northwest of the quarry.

The other area of rhyolite -examined is the west sﬁore
of Henfy Waters, Victoria Lake. There, rhyolite dykes and
sills cut £uffaceous and tuffaceous -~ sedimentary _}ocks.
Tuffs‘ of probablé rhyolitic composition were observed but
because they are waterlain and have sorted crystal - rich

beds, none were analstd.

6.10 CHEMISTRY OF THE FELSIC ROCKS

2

! "

Sixteen aayﬁles th;t were classfified as rhyolites
according to the criteria of Irvine and Baragar (1971) and
two dacites were analysed. They are'digcuased together 'Iin
the following aect;ons. All ele@ent concentrations are

discussed-uncorrected for losses on ignition. Losses on




a

ignition are relatively low for thése‘rocks, varying from
1.12 5 3.66 we. %. .

$§102 contents of thevdacites and rhyolites range from
55.5 w{; X2 (with a loss on ignition of 2.84 wt, %) to
69.0 wt. I with one exception, Q silicified dacite with 81
wt. 7.5102. ‘ ’

Ca0, K20 and Na20 contents cover a»wide range, ‘likely
as a  result of alteration of the rocks, although‘some
- primary Variation is likely, due to both»fractionation and °
variable amount; of feldspar phenocrysts. '

Pb varies from .O to 62 ppm 1in the dacites .and
rhyolites analysed. Th contents likewise vary
considerabiy, from 0 to 47 oppm hdwever, all but three
samples fall in the range 30 to 40 ppm. U varies from O to
20 ppm aﬁd shows a weak correlation with Th. |

Rb contents vary widely, from 5 to 235 ppm and have
likely ©been strongly modified by hydrgthermal alteration,
Sr, likewise, varies from 55 to 298 ppm. Ba , a ‘mobile’
element, 18 enriched in rocks of the Victorifa Lake Group in
general (Thurlow, 1981), Samples a;alysed in this study .
hav? extremely variable} inclyding very'high, Ba cJ:tents.

Dacites and rhyolites have Ba contents in the range 118 to

3741 ppm. This highest value ocﬁurs 1nlaample 81HPADO80O-2,

which has the highest Rb (235 ppm)} and K (1ll1.8 wt. %)

.

contents as well.

a .

Ir contents are quite variable (8 to 267 ppm) however,
in these felsic rocks, 2r contents may be related to

variations in zircon content.




.

.Zn contents aré 'remarkably :loh; 61 to 159l ppm,
'conside;ing that ;inor sphalerite mineralization occurs
near rhyélites sahpied ;ﬁ the quarry on thé Burg;o road.

On the.standard AFM diagraﬁ (Figure 6.1) the rhyolites
cluster at the alkali cormer of the diagram, along the'
projection of thev tholeiitic trends. One sample 1s
an&maloﬁs, plotting near the centre of the diagram.

On the Ti vs Zr diagram of Pearce (1980} the rhyolites

fall 1in a restricted area of the arc lava field (Figure‘A

»

6.9), suggesting that they might repréhent‘one magma batch.

»

6.11 RARE EARTH ELEMENT CONTENTS

‘
Rare earth element patterns of two dacite porphyries,

one dacite bomb fom the agglomerate 1in Henry Waters and
one diorite inérusion are very similar (Figure 6.13) and
have similar degrees of‘enrichhent vs. chondritic values.
Thef are- LREE enriched relative ‘ to Sm suggesting
fractionatien of minerals such as élivine, clinopyroxene or
hornblende. Negative Eu anomalies .are probably due to
various degrees of feldspar ffacbionation;'. those of

samples 81HPADO67 and 81HPADO8BI1-2 being retatively

insignificant. The pattern of HREE 1s flat to slighfly

enriched.

-

One rhyolite sample (81HPADO73) has a flat REE pattern

with abundances approxiﬁately 13X chondritic abundances

(Figure 6.13). This ‘pattern 18- significantly different
/




~

Figure 6.13. Rare earth element _contemgs, ormalized to
chondritic values, of one forlte dintrusiagn,’
three dacites and one rhyolite . the Victoria
Lake Group. . Diorite and * patierns are
similar. The rhyolite patte - approximately
flat at 18X chondrite.’ ' v .
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than those of the dacites and may repl:esent a différe_nf

.

magma batch, possiBly from a different source, despite
dacites may result from enrichment by hydrothermal fluids.,
The samples come ‘from the centres of large bombs in
agglomerate and although obvious alteratfion. rinds were
removed, the cores contain secondary albite and chlorite.

Plo;s of  alkall elements (not presented) show a wide

\

scatter which likely 1s an alteration feature.

Thqi‘efoge, the presenrﬁ,,uritet is unwilling to use the

LY

chemistr'y of the felsic volcanfe rocks’ to characterize the

Victoyia Lake Group.

6.12 DISCUSSION

.

Many of the volcanic formations of the Dunnage Zone

-’

exposed 1in Notre Dame Bay have been fnterpreted to be the
A . [

-products of intra- oceanic island arc volcanism (Upadhyay,

1973; Kean and Strong, .1975). This,interpretat'ion was

extended to the Victoria Laje Group by Kean et al.. (1981).

Felsic rocks are abundant in the Victoria Lake Group
and 1f some basalts, suggested to be ophiolitic, are

excluded from the Gfoup its bimodal nature 18 more

.

pronounced. This relati® abundance of rhyolite and

dacite, compared to the volcanic groups of Notre Dame - Bay,
] ' . ©.

suggests that the rocks bf the Victoria Lake.Group were

generated in a somewhat different way.

. ‘ . R T
their close proximity. However, the LREE enrichment in the.
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- Apparently coeveal volcanic groups to ‘the south and
southwest, the Bay du Nord and La | Polle ‘Groups, are ,
composed of over fifty percent of' felsic volcanic\tocks. .
Based on this preponderance of felsihc volcanic rocks énd
the presence of more radiqgenic Pb. in galenas in these
Groups),v Swinden’ V-and VTht'arpe (in press) suggest that these
two gxlouis s;ere derived in part from melting of continental ‘
Crust., In their model they suggest that the voléanic arc,s

as represented by rocks ©f the Dunnage Zone, was built on

‘oceanic crist 4n the mnorth but tfansgressed a continental

~
s

margin and was built on c.ontinenta_l crust in the south,
The bimodal nature of the wvolcanic rocks of the
v i Victoria Lake Gt:oup' may {indicate that 'it formed im an

4 "

environment transitional between the oceanic and

.

r " continental reAalm. ‘This spft of pqieogeographic assessment
is risky though, be.causg. t_},ler_e‘ is8 no baleo‘magnetic ér,
.faunal control on the relative positions of volcanic groups

. 1n;the lapetus Ocean. Furthermore, as a result of the
ge'och.emical study -1t 1is un'certain that, within the Victoria
Lake Group, the basalts are .directly related to the felsic

rocks, They may be -the products of separate volcanic

events taking place in a transitional tectonic environment. - .
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CHAPTER 7 GEOCHRONOLOGY OF OPHIOLITES OF THE NEWFOUNDLAND
APPALACHIANS

7.1 INTRODUCTION AND PREVIOUS WORK

The age of origdn and” time of emélab;zment of
ophiolites. 1in Newfoundland 1s of ‘fundamental-limportance in
deciphering the history of formation and destfuction of the
Iaphetus Ocean. .

In thié chapter new U/Pb (zircon) age determinations
are -presen;éd for tlhe Bay of Islands Complex, Betts Cove
‘Complex and . the Annfieopsquotch Complex (two samples).
These are discussed in relation to locallstratigréphy and
compared to ages dgtermiqed for ophiolite.s elsewhere in the

Appalachian- Caledonian Mountain Belt.
' _ N .
\

\

: \
"7.1.1 Bay of Islands Compl\ex

The Bay of Islands Comple\x of west Newfoundland 1is the

~
largest and most studied ophiolite in the Appalachians. It
occurs as the highest of at least five struct'ural‘ slices,

separated by “melanges, in  the Humber Arm Allochthon
(Stévens, 1970).

*arly modéls for the emplacemen;: of 't'hé allochtho.n
(Rodgers,1965;. Stevens, 1970; Church and Stevens, 1971)
were constrained 1in time by fossil data: The first
occutrencé of ophiolitic detritus in sahdAs'ton‘e‘s of the Blow.

Me . Down Brodk Formation derived from ’the east was

-

i




interpreted . by Stevens (1970)  to. indicate fnitiation of
. } . - ’ . . . . - . T ' iy

ophiolite obduction, Evidence from -the graptolite fauna

indicates’ that this formation .is late Arenigian inAaéé.

The final emplacement of the 9sseéblﬁd Humber Arnm

Allockthon is daéed By' fossils 1in the unconformably

+

éverlying (neoautochthonous) gédiments of the Long _Paint

.

Formation (Kodggfs;1965; ,Stgyens,1970); " Conodonts

indicate a Caradocian age  for this formation

(Fahraeus,1973). .Corrélafiqns between these ages, and the

absolute time scale ‘aré very uncertain. The many "’

Ordovician time scales now 1in use.attest to the problen

(van Eyain&a,i975} Armstrong, 1978;‘ HcKe}row, Laﬁbert an%

>

Chamberlain, 1980; and others). S ' . T,

¢

The Bay of Islandas Complex (Figure f.i) has been the
subject of four previogs rad%ometric_agé studies. Two.o{
tﬁese,were directed at the metamorphic aureole, 1ntp;preted

. to have fé;mbd during iqitial displacement of the ophiolite

from 1its oceanic setting._ (Williams and Sm}th,]973r
) . 4

Halbas,1979b) and two gtteﬁpted to determine the primary

[ .

age of crystallization of the plutonic sequencé within® the

ophiolite suite. 1In‘addition Mattinson (1975) determined

.

an age. for the 'Trout River ophiolite which— he grouped
A .

-

with the Bay of Islands Complex.

.

Dallmeyer and Williams (1975) analysed hornblende from

three 'samples of amphibolite from the aureple at North Arm

Mountain. '~ The three 40Ar/39Ar ages produced ‘overlap

between 462 and 457 Ma to give a best estimate of the age

of . the ayreole of 460+/-5 Ma. This they took to be the

v

»
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synchronous metamorphic age of the three sampled. With the

" new K decay constant (Steiger and Jager,1977), this age

recalculates to 469+/-5 Ma (Dallmeyer, pers. comm.,1983).

3

Archibaid and Farrar (1976) dated seven samples of

hornblende from the metamorphic aureale oi/vafth Arm ™.

H

Mountain and Table .Hohntain by the K/Ar ‘method, They
determined an age of 454+/=9 Ma, on the aésumption that all
samples incorpotated eq;al amounts -Bf initial argon of
uniform compositioﬁ. " With the new decay constant this age

recalculates to approximately 464+/-9 Ma,

Mattinson (1975) determined a U/Pb (zircon) ,age' ‘pf

. 508+/-8 Ma for trondhjeﬁite of }he.‘Ttout River ophiolité'.

He cansidered this. to be the age of: the Bay of Islands
.Complex as well, HerVer; the rocks :t Trout River are
part of the Little Port Complex (Williams, 1973) and are
thought not to be directly correlative with. the Bay of
Isl;nds . Coﬁplik. Mattinson (1976) _saﬁpled the
trondhjemites of Blow he: Dgwn Mountain and ddetermined a;
U/Pb (zircon) age of 504+/-10 Ma. The 207Pb/206Pb ages for"
individual points are 480+/~-7, 43;4/—7‘and 694;/—5 Ma. All
three points are cqncorgant within the linmits of
uncertainty and a line through them 18 nearly parallel to
concordiae Td fit a-1line to the ‘pointsi Mattinson (1976)

assumed a Pb-loss évent occurred at 460 Ma; the age of the

wetamorphic aureole as determined by Dallmeyer ‘and Williams

-(1975). He fixed the lower intercept at 460 such that the

assumed discordia line projected to a significantly older

. age than that suggested by the concordant points.

’




Jacobsen and Wasserburg (1979) determined two Sm/Nd
internal isoéhrohs for pyroxene-gabbros of the Bay of
islands Comblex as .part of a larger . study of the
petrogenesisa of the Coﬁplex.“The first isochron based on

‘three Points,;one each for a plagioclase mineral séparate,
clinopyroxene mineral sqpataté and the total rock gives an
aée of 508+746 Ma, The points for the total rock and
clinopiroxene separaﬁg‘lie very close together. The second
1sochroq, based on one point each 'for plagioclase and
clinopyroxene mingralA sep;rates glves an age of 501+/-13
Ma. They thefeforé quote an average age for ~the Bay of

~

Islands Complex of 505 Ma. ‘No error is stated for this

age. , .
. .

7.1.2 Betts Cove Complex. -

The BeﬁtsJCove Complex, mapped in detail by "Upadhyay
(1973), 1s located on the east coast of the Burlington
Peninsula (Figure 7.1). It 1{s -the largest ' of several -

ophidlite .complexes. underlying the northern part of the

Peninsula. Recent work by Hibbard (in press) has led to

the suggestion that the ophiolites, which are progressively

more deformed and‘metamorphosed éestwards, are imbgicate
slabs of -oces#nic crust (s.l.) of essentially the same age.

In this model, the Betts Cove Complex s the least

'deformed, uppermost slab. - K

The stratigraphic units of the agphiolite dip and face

southeast. The. Complex -is broken by faults parallel to

strike which locally thin or remove some zones and locally

v




Juxtapose gadbbro and pillow lava.
\

The Betts Cove Complex 18 conformably overlain by a

pile of wolcanic flows, tuffs and volcahogenic sediments
»

dated as Arenigian by graptolites (Snelgrove,1931). The

volcanic ~ 'sequence, the Snooks Arm Group, has Dbeen

interpreteéd to represent deposition in an 1island arc

(Upadhyay,1973) or oceanic island environment (Jenner and

Fryer,1980). - .

Mattinson (1975) determined a U/Pb  (zircon) 'age' of

463+/-6 Ma for a trondhjemite dyke cutting the Nippers -

Harbour Ophiolite. This ophiolite is belleved to be part
of the Betts Cove Complex but the dyke itself has been the
subject of coh;roversy. Church (1976) suggested, on the
basis ;f its geochemlsﬁéy, thgt it 1s not directly‘related

to the ophiolite and thus provides only a minimum age for

the Betts Cove Complex. Mattinson (1977) conceded this

possibility. Ross;,Naessar and Lambert (1978) found it_
"difficult to reconcile'! this age with the presence of
Arenigian fossils in the overlying sediments. Ft has ~ been
- : ) )

‘suggested (D.F: Strbng; pers. comm.,1980) that the dyker

1s'an of fshoot of the Burliﬁgton Granodiorite, a nearby
subvolcanic 1intrusion dated at 464+/-5 Ma by the 40Ar/39§r

method (J. Hibbard and D. Dallmeyer, pers. comm.,1982).

On the basis of the trace element geochemistry of the dyke
Epstein. (1983) syggestéd that it is related to the Stocking

. . - o
Harbour Intrusive Suirte, a part of the Burlington

Granodiorite.

*303.




E3

N a B
- . (‘3
7.1.3 Annieopsquotch Complex ’

/\'
The Annieopsquotch Complex ,(Figures 711) is in ?faplt
contact with volcanic rocks of the;Victoria Lake Group

(Dunning and Herd,1980)  which are ; of Llanvirnian-

o

Llandeilian age (Kean and Jayasinghe, 1980). Dykes,

vthought to be related to the Victo;ia Lake Group lavas, cut
the pillow lava zone of the ophiolite providing a minimum

age for the latter. In addition, the Anniéopsquotch

~

Complex 1s unconformably overlain by terrestrial

: seaimedtary rocks with interbedded volcanic rocks. A
preliminary U/Pb (zircon) age of 431+/-5 Ma for a rhyolite
flow in this sequence places an upper limit on the time of

emplacement of the ophiolite (Chandler’ and Dunning, 1983).

1

7.2 NEW DATA
Sample p;eparation, anal?tgcai ;échniquéa‘ and method
¢f age calculation are discussed in Appeﬁdix 5.

4

7.2.1 Bay of Islands Complex
. /‘

A'sample q{ trbﬁdhjémite A(80HPADZS7) was cpllected
from Blow Me Down Mountain by the authof, guided by J.
Malpas, within one ﬁundréd ﬁetres of Mattinson’'s (1976>
sample location (Figure 7.3). Abundan£ small yel}ov
(euh?dral to subhedral) zirgonﬁ ‘were separated from’ th;

sample. They contaih tiny needle inclusions of an unknown

mineral (Figure 7.2).

L3
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Five zircon. fractions with  differing magnetic
ptbpertieg and grain sizes were analysed (Table 7.1). They
follow the genet?l‘rhle that fractions abrad;d to remove
outer surfaces plot cloaer_éo éoncordia (Krogh,1982).

Two fractions (anal. 1,2, Table 7.1; \Figure 7.5),
both -100,+200 meéh and apraded, plot togethér clése to
- concordia (1.2 and ~ 1.32 discordaat). The =-200,+325, O
degre; <magnet1éﬁ,fraction ‘(anal. »3) is 1.,7Z discordant,
slightly more‘;o—thén'tﬂe abraded fractioﬁs. The 3 degree
magnetig fraction "(anal. 45' is 2.2% discordant and the

’

. . . ¢
-325, 3 degree magnetic fraction (anal. 5), consisting 1in

part of turbid grains s the most'diacerant at only 2.32.
These -325, Eagnetic zircons have thé lowest integriﬁy and
have ‘losﬁ-a greater proportion of their lead but even they
are not greaéiy discordant. The age determined by fitting
a line to all five points is 485.7+1.9/-1.é Ma (20, Figure
7.5).- This line was.constrained to pass théough 50 Ma
+/~9OZ_(see Appetidix for discussion).

7.2.2-Betts Cove Complex .

Zircons were obtained from a coarse ‘grained
quartz-bearing 'gabbto (0.25% ° qdar;z)r of Lhe?Be:ts Cove
Complex at Long Pond near_Tilt Cove (Filgure 7.4). These
are cleér, 'coarse,»dark to light brown anhedral fragments
which are interpreted to be pieces  of lérgeg skeletal

zircéns (Figures 7.7, 7.8)., Zircons found in gabbro are

’commdnly skeletal (D.W. Davis,‘ pers. _caomm,,1982)  and

x-ray analysis confirmed their idéqtification.
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TABLE 7.1. U-Pb isotopic data

Concentration Atomic ratios corrected
(ppm)B . .+ for blank and common Pb . -
Analysis Fraction and Weight —————e Measured + Pb/Pb
No. preparation i (mg)A u Pb  206ph/204pp  206py, /238y 207pp /235y 207pu/206Pb  age
. Sample  80HPAD257 Bay of Islands Complex
A | M1, -100 + 200° 6.03 318 2.6 29832 0.0773 ' 0.6056 0.05680 484
2 NO, MO, M1, -100 + 2008 ~ 1.44 302 22.3 6400 0.0773 0.6055 0.05682 484
v3 NO, MO, -200 + 325 0.82 264 - 20.2 8662 0.0769% 0.6034 2.05688 487
4 M3 0.89 353 27.4 8273 0.0766 0.6000 0.05685 485
5 M3, -325, + turbid .70 494 35.9 9430 - 0.0761 0.5966 0.05687 486
vfmpie B80HPAD224 Betts Cove Complex .
- [} NO, -100 + 200, cleard 129 10.3 7652 0.0782 0.6137 0.05693 489
7 NO, -100 + 200, bulk?: b1, 128 10.2° 5337 ) 0.0779 0.6104 0.05687 - 486
8 N0, -70 + 100, wh. 2.55 48 3.8 839 0.0777 0.6093 0.05688 ’ 487
frosted?
°] M3, -70 + 100, cracked 2.57 131 10.2 640 0.0757 0.5923 0.05676 482
Sample BOHPAD222 Anniecpsquotch Complex ' ’
10 NO, MO, M1, M2 - 100 20.55 41 3.5 4628 0.0766 0.5993 0.0567% - 482
1 + 2008 . |
‘ 11 M3, -325, + turbid 5.35 154 13.1 1129 0.0759 - D.5932 . 0.05667 479
Sample 80HPAD223 Annieopsquotch Complex
*12 N@, -40 + 70, gems® - 15,67 46 3.4 7877 0.0768 0.5992 0.05660 476
13 NO, -70 + 100, gems® 7.64 49 3.6 4151 0.0765 0.5969 0.05658 475
14 NO, -70 + 100, &4 hr. HF 2.96 44 3.2 4343% 0.0764 0.5972 0.05667 479
i 15 NO, -70 + 109 ., B8.65 55 4.4 14054% 0.0762 0.5955 0.05668 . 479
i 16 M2, M3, -40 + 70, cloudy 4.23 48 3.8 2176 0.0755 0.5894 0.05664 478
‘ = Notes: NO, M3 = non-magnetic, magnetic fractions; 0 and 3 indicate degrees of tilt on a Frantz isodynamic separator; both .
NO and MO are non-magnetic fractions; -100 + 200 = grain size-between 100 and 200 mesh; 8sample abraded. See Krogh
(1982) - and appendix for details of sample preparation. ' .
A Exvor in weight + 0.01 mg, lo,
b B Error in absolute conc. approx. * 2% defined by weight of sample and weight of tracer, but U/Pb ratios are kmown -
. ' +0.251 (1) . s
: < C Corrected for 0.1 ng blank and.common lead at the age of the sample calculated from the model of Stacey and -

Kramers (1975) and 36 x 10-12g238y,
* Measured value corrected for common lead in 205 spike; other analyses include this lead.

~
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Four fractions were analysed. Three of these (anal.
6,7,8, Table 7.1) are of the O degree, nc;n—magnetic
fraction. After‘ abra;ion they plgt »near concordia ét 1.0%,
'1.6Z and 1.92 di;cor;hant (Figure .‘673. - Cleax" grains picked
from the buik aré the closest to the zpper intercept (ana}.
6).  .Frostéd- grains (anal. 7) are the most discordant of

the O degree fractions and the bulk sample (anal’. 8) blqts

between the clear and frosted grains as expected.

All of the O degree i Abraded fractions plot - close

together indicating that lead loss was not significgntly
‘greater from frosted grains than from clear. Thias is

oL

likely due to the very low U content of these zircons (48
to 131 ppnm, TableA 7.1).
’ The 3 degree qagn?';ic fraction (z;nal. 9) 1s 5.6Z
discotjdaht._ A" best-fit 1line through all four points,

constrained to paés through 50Ma+/-90%, gives ai age of

488.6+3.1/-1.8 Ma (‘Zd Figure 7.6). This 1s interpreted to

be the age. of éryst‘allization of :he‘Betfs Cove gabbro.

7.2.3 AnnieoPsquo-tch. éompléx
‘ ,‘Sa-u':ple.s vere collected from t’\go\’ trondh jemitic bodies
located  six kilomefres apart 1;1 the- gabbro zone of the
Complex (Map l;_ Figure-3.l). ‘ ’4
T'he_.firstAs‘a'mp_lé (BOI{I;ADZZZ) forms. the matrix of an

intrusion breccia - which incorporates blocks of gébbro and

.diabase and 1s strongly epildotized. It occurs next to _a

fault which cu‘ts“ the'gabbro_zoneg a_nd\is interpreted to be a
sea-floor feature (Cti:apter 3).  The g\eochen;istry -of this

-
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sample 1s consistent with differentiation from mid ocean
ridge basalti.c magma (Chapter 5), |

Zirconsvfrbm this sample are small, euhedral éfai-ns, o
few in .numbe_r..l.Tuo)fractio-ns, werwnaljsed (anal. 10, 11,
Tabl.e 7.1),_ the first was a collection from the
non-magnetic and magtier.ic splits of the +200 size fraction
from which turb_id grains were removed. This fraction was
abraded and ‘/is 1.4% discordant (Figure 7.9). The second
fracytion, ;325, 3 degreé magnetic, include‘s tugbid grains
and plots 2.57 discor’gi‘a;lt. 'Avl‘ine through the two points,
constrained to pass through 50 Ma +»/—9OZ, gives an age of

481.4+4.0/-1.9 Ma (20, Figure 7.9) which is interpreted ta

be the age of crystallization‘ of the trondhjemitic 1{1iqyf

.

The second samplé (80HPAD223) is from a pegmatitic pod,

(Map 1) which contains hornblende crystals up to 15
centimetres long asr well as abundant quartz (Figure ‘ 4.11)-
The pod has a core of pegmatitic Wemite which grades
.y;through hornblende diorite to typical . ‘high—le_vel’ gabbro
of | the ophiolite.b Tracé element and rare earthAelement
geochemistry; of the  trondhjemite 18 cpnsistent with
Jainterpretatio_n of this pod as a . differentiate of the
ophiolitic gabbro (Chapter 5).
Abundant coarse, clear, euhed.\r:.ahl ‘gem" zircons were
obtained kfrom this sampl:a and five f“r\actions with different
slze and ;;\gjnétic propertfies, both ab\raded and unabrad'ed:

were 'analyae\c\' (anal. 12=- 16, 'fable 7.1). The +70, O

A\
by

.degree non—m-agﬁ'é\;ic gem’ zircons, after abrasion, plot. on

N,

concordia (0.1% "'d.g.ecorAdant, anal. 12, Table 7.1; Figure







’

Three ‘+106,'0-degfee non-magnetic fractions were analysed.
The first (anal. 13, Figure 3.11), aftE% abrasion, . plots
on Eon;ordfa (0.52 discordant, Figure 7.10), slighfly lower
than the +70 fraction. The%“sec&hd +100 fraction (anal.

’ .

l14) was etched in HF for four hours at 220 degrees C as an

experiment to induce lead loss. The high 1integrity of the

“zircons 1s indicated by the fact that this leached fraction

plots ‘on the best-fit line for «all points and is

qssentially' concordant (0.6%2 discﬁrdant). The thi;d +100
ffaé;ion (aﬁal. 15), ungpraded, plots .more</discordant
(0.9%) on the be;thit "1line (Figure 7;10).' All four 0
degreé 'nonrmagnetic ffactions form a tight grouping
demgnstrating that they. haye undergone little or no lead

loss.’ This 1s certainly due in‘part to their 1low wuranium

content (44 to 55 -ppm) which is among the lowest measured

for zircon in the R.O0.M. laboratory. The +70, 2 and 3
degree ﬁagn@tic, cloudy cracked grains (anql. 16) afe the
mos? diacordant. The age obtained fo;jrthe S?st-fit iine
through.. ali five analyseg,' well tonérolled"by the
eoncordant +70 abraded uéper point and constrained to pass
through SQ Ma +/-90%, 1is 477.5+i.3/-1.0 Ma (204, Figure
7a0. | |
The two ages obtained for the Annfeopsquotcﬁ Complex
do not overlap at thectwo sfgmailevél. This may indicate a
true age differegFé between two discrete 1ntrugibns' within
the gabbfo 1on;} Alterna;ely, it may reflect differing

\

[+ .
slow %cooling rates deep in the oceanic  crust over the

-

7.10). The 207Pb/206Pb age of this fraction 1is 476 Ma.
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uprisiﬁg manfﬂe. diapir with its attendant high geothermai

gfadieni.

7.3 DISCUSZION
DISCUSSION

4
7.3.1 Comparison to Previously Defermined Aggs
The new U/Pb (zfircon) ages 1nd1ca€e that the formation
;f ophiolfte. complexes found’ in the Newfoundland
Appalachfians spans a time fange from 477.5+1.3/-1.0 Ma -to
488.6+3.i/-1.8 Ma réfher .than 463+/-6 Ma (Bett§ Cove

Complex, U/Pb) to S04+/=10 Ma. (Bay of Islands Complex,

U/Pb) as previously thought. This 40 Ma age gap, initially

reported ﬁy Mattinson (1976}, resulted from the productioq.

of a poor discordia line for the Bay of Islands sample and
the dating of a non-ophiolitic dyke at Nippers Harbodr.
The 207Pb/206Pb ages of {ndividgall size and ‘magnetic

fractions from the Bay of- Islands ‘Complex (480+/-7,

485+/-7,. 494+/-5 Ma) determined by Mattinson (1976) are in.

. i B . .
fair agreement with the new age determination of

485.7+1.9/-1.2 Ma. yfhey are concordant and two of the ages

~overlap the new intéycept age, wifhin error .limicts, The
;rror in  the conélu;16n of Macttinson (1976) resulted from
'Vprojecting, a line through 460 Ma bésedA on . isotopic
disturbance at the time of metamorphic aureole formation
(Dallmeyer and Williams,1975). High temperatures, ‘l?cally
: of the granulit; facie;,- achieved in the métanorphfé

aureole were not present throughoyt ' the bph%OIite during




aureole formation, and it seems the lower metamorphic grade
which affected the élutonic rocks of the Complex. wag
insufficient to reset the zircon U/Pb isotoplc system’a
that ctime'. .
The. two Sm/Nd ages of lgabbr;A from the Complex
(Ja;ossen (nd Wasaerbﬁrg, 1979).do not overlap the new U/Pb
(zircon) age. The }ess precise Sm/Nd agé of 501+/*13 Max is

within 0.4 Ma at the maximum qubted errcr limits. It is

suggested that the errors on the Sm/Nd ages may be larger

than reported. Both are based on two point 1sochrons'(in
statistical terms) and neither, has a poilnt close ~to the
initial 143Nd/144Nd ratio. A recent recalculation of the

two Sm/Nd isochrons using Jacobsen and Wasserburg’'s (1979)

.data yielded far larger error estimates (O.. van Breeman, -

peés. comm.,1983)., In addition, 1t is suggested that the
mineral sepérates analysed were not- free of alteration

effects. No perfectly fresh gabbros were encountered 1in

this study and Jacobsen and _Wasserburg (1979) describe

their  plaglioclase separatés as ‘having "minor
sausaurltization"'and one of the samples contains secondary

.amphibole and serpentine.

7.3.2 Bay of Isiands Complex Stratigraphic Relationships

' The new age for the Bay of 1Islands Compléx is
eompatiblé with all information =~ available on {ts
stratigfaphic relationships and time of'emﬁlacement (figure
7.12); ~ This  age is early Arenigian according to tﬁe t ime

scale of.van Eysinga -(1975). Fossill evidence 1indicates

L
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that the'flysch which contains ophiolitic detritus, derived

S

from the east, 1is of Areniﬁian age (Stevens,1970). It {is
possible for this detritus to havg'beeh derived from a

- N [
‘of Islands Complex, but the

young, hot, uplifted Bay

detritus "could equally well ‘have' come from an older

fragmént of oceanic crust, obducted earlier and not now

preserved (or not yet dated!).

Acritarchs 1in sedimentary rocks deposited on the Bay

of Islands Complex during emplaéement and: termed

parallochthonous by baééy ~and Kidd. (1981) are\ of

Llanvirnian age and final emplacement 1is dated as

pre-Caradocian based on conodonts from the neoautochthonous

Formation (Fahraeus,1973;

Long Point Rodgers ,1965;

£

Stevens,1970). I@ese data (Figure 7.12). are compatible

with formation of the Bay of Islands Complex in Arenigian
time and imply a history from igneous crystallizatiop to

final - .emplacement spanning 40 Ma wusing the van E{finga

(1975) time scale.

.

oo .
\

7.4 DATE OF FORMATION OF OTHER APPALACHIAN-CALEDONIAN

OPHIOLITES

7.4.1 North: America -

In addition to rthe new ages  for

ophiclites reported here, Dinning and Krogh (1983)-have

reported a preliminéry-age of 495 +/-3 Ma for trondhjemtcte

of the Pipestone.Pond Complex of central Newfoundland. It

<

- ‘ .

Newfoundland ’
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appears that this ophiolite, of Tremadocian age (van

Eysinga,' 1975), &and 1ts 1likely correlative the Coy Pond

L]

Complex (Colman-Sadd and "Swinden, 1982) .i:e the oldest
-~

.

Paleozolc ophiolites in Newfoundland.

Deformed ultxéﬁafic. rocks of the Thetford Mines
ophiolite are i;truded by many granitic to dioritic bodies.’
A Rb/Sr age of 466+/~13 Ma has been determined fér a

tabular granitic bodﬁ at Black Lake, Quebec (Wanless and

Poole,1980). This sets a minimum middle Ordovician age for

the ophiolitic rocks.

Disrupted ophiolitic rocks, bincludihg_ sheeted dykes,,

and pfillow lava, comprise the: Lusheé Bight Terrane.qf
'centrél‘Notre Dame Bay. These are cut by the ophioiitic
- Brighton Gabbro on .Pilleys 1Island (D.F. Strong, pers.
comm., 1982). A 40Ar/39Ar age of 495+/-5 Ma, &eterﬁ$ned
for. the gabbrg by Stukas and -Reynolds (1974b) 1s thoughl.fo
: [}

be the age of the ‘ophiolitic rocks. - : \

The M’'Clintock West and East .Ultramafic,. Massifs

- Q

(Frisch}l974) on northern Ellesyere IslandL Arctic Canada
have recently beep reported as . ophiqfitic fragments
(Tre!tin and Balkwill, 1979; Trettdin, 1982)."They'are
actually part of the Arc;ic.contfnuation of ¢the Greenland
Caledonides and contain diforitic phases, 1hterpreted by
Frisch to be cogenetic with the ultr{mafic su;te; .The U/Pb
(zircon) age.of the diorité phase 1s A81+7/-6_Ma'(Trettin,A
Loveridge ﬁnd Sullivan,1982). . '

_ Gaudette (1981) _reported a U/Pb (zircon) age of
410+/-7 Ma for the Union ultta;afic complég in Maine which

~

.




he interpreted to be an ophiolitic fragment. This age
would be d{incompatible with the Arenfgian-Tremadoclan ag
reported f&r other Appalachian ophiolites. However,

|

Tﬁlkington and (Gaudette (1983) have shown that the Union
pohplex:is an intrusion into sedimentary rocks and consider

the earlier'intefprgtation as invalid.

3
7.4.2—FEurope ,
)
A U/Pb (zircon) age has been determined for an
ophiolite complex in the Caledonian -Mountain Belt. Zircon

from trondhjémite of the Ballantrae ophiolite gives an age
of 483+/-4 Ma (Bluck et al., 1580). This they igéer;ret to
ibe the time of crystallization of }heat;ondhj£mite magma.

Thir;wall et gl.(1982) have recentI;.reported a . Sm/Nd
age of 490+/-14 Ma based on mineral is;chroh;k;rgm two
'samples of Dbasalt lavas from_”the Southern Uplé&ds of
ch}land.' These basqlts have AORB chemistry, occur at the
ba;e of.accreted ocean ‘trench sedimentary sequences dnd are
;;sociated with <transitional and alkall basalts of ocean
island type. The age, wﬁile 1mprecise3-is consistent with
the data from Newfoundland ophiolites ;nd Ballantrae.

Py .
The liﬁited age data available for sediments

_unconformably overlying the Karmoy Complex 1n Norway

indicates-a pre-middle Ordovician age for that complex 3

(Sturt et al.,1980). A'Rb/Sr age of approximately 450 Ma
for a granite 1intruding the Karmoy Complex éimilarly
indicates a pre-middle Ordovician age for tﬁé Cdmplek (A,

Rahaeim, pers. comm.,1983)

A
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The Storen\\j;salts .of Norway, interpreted to be
ophiolitie by Gale 4nd Roberts (1974), are overlain by
middle Argnigian fossil bearing rocks. This-” age may

closely approximate that of the ophiolitie tockémés wvell,

o

'Howevé}, there 1s evidence for erosion .of‘ the ophilolite

before deposition of the middle Arenigian and younger

sequence (Furnes et gl.,1980).

In summary, the ﬁew ages feported here are Areniglan
according to the vén Eysinga (1975) time scale. Evidence
from all other Apbalachiaﬁ-Caledonian ophlolites discussed

above 1s consistent with their being of- Arehig{an or

Tremadocian gfs{as well (Figure 7.13). The minimum age

range for all ophiolites that is consistent with all the

age data now available 1s 479 to 492 Ma. This range 1s
L

‘shown by the black bar in Figure 7.13.

-

~

7.5 TIMING OF OBDUCTION

= 3 5
Malpas (1979b) ébseryed thaé ophioliteg with well
~developed basal ‘dynamothqrmél’ aureoles must have been
hot, possibly recently formed, when they were obducted in
order to- metamorphose adjéceni oceanic crust aé Ehey
overrode {t. He‘suggested that these ophiolites mighé even

represent segments of the ridge itself. With their high

relief, they mﬁght be more 1likely to be obducted .

- -

Ophioljtes preserved in the Appalachian- Caledonian

“ Mountain Belt may- thus be cloge to the last oceanic crust
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formed before ocean closure.

.

.

The 40Ar/39Ar date of 469-;-/-5 Ma (new decay constant)
for the metamorphie aur \ole of North ' Arm Mountain
(Dalit’neyer and . Willliau.ls,l‘J?“\\S) ”1ndicate.s that first
obduction of | the hot oéganic crust ° and manFle
'(Malp;as,l979b) occurred in Llanvirnian time‘by tihe scalev of
" van Eysinga (1975). This 1is late’r than the  first
indication of ophiolitic detritus in easterly ,"/derived

flysch (Figure 7./b3 and Stevens,1970) and implies that

either older oceanic crust, or crust of the same age

obducted earlier, provided some of the ophiolitic detritus

In the flysch, or that the 40Ar/39Ar date sfor hornblende

from the aureole does not indicate the time of formation of

»

the aureole. With the present state of knowledge of age

relation among Newfoundlanx ophiolites either of these

suggestions might be correct. However, the latter

interpretation is preferred.

.Thev older 40Ar/39Ar age of 480+/-5 Ma from hornblende
of t:he metamorphic aureole of the St. Anthony Complex led
YDIallmeyer (1977) to propose the diachr(;nous obduction of
ophiolites of the Humbgr Zone. There is some
sedimgntoldgical evidence to sugport this ~hypothesis.
S;teven's (1970_) reported that 'easterly—derived flysch
inmediately beneath the ophiolitic roclgé is older in the
St, Anthony area than that at Bay of Islands.

The age of 480+4/-5 Ma from the .aureole of the St,

Anthony Complex does not require that the primary (igneous)
£ Y

age of the Comple.’x be any older than thar of the Bay of

.
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Islands Complex. Obduction may have started sooner ‘a4fter .
vformn of thé» ocednic crust at the poiant of origin of

. % ,
the St. Anthony Complex than at that of the Bay of Islands

Complex.

7.6 RELEVANCE OF OPHIOLITE AGES TO THE ORDOVICIAN TINE -

SCALE

-

Ross et al. (1978) ::onsideréd Mattinson’s (1975) U/Pb.

(zircon) age of 508+/;5 Ma, which 1s actually for the
‘Trout River ophiolite’ or the {ittle Port Complex of
curren:t. usage (Hlilliams, 1973) to be the age of forma(ioni
of the ophiolite. They considered ‘this to be correlative
with the Bay of Islands Complex but did not fel;te‘ it
directly to an Ordovician stage. Mattinso.x;”s (1976) age
for trondhjemite of Blow Me Down Mountain was not then
available.
Dallmeyeli and Williams (1975) considered thelr ‘age of
4604+/~5 Ma from the aureole to da.te the Aren‘igian phase of
’obduc‘tion.‘ Archibald and Farrar (1976) related their age
oﬁi 460 Ma (not reported above) to tine Arenigian as well.
Yet they related the 452/ Ma K/Ar age from gabl.aro‘ and
diabase dykes to the late Llanvirnian- early Llandeilian
emplacement of th.e 'ophiolite. - .

Ross et al.  (1978) concluded their discussion by

proposing two possible time scales for the Ordovician; one

involved considerable conflict- with Scottish and 1Irish
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tectonics. Their favoured scale assigned the apptoximatel)}

460 Ma ages to the Llanvirnlan and placed the Aremigian at

300 to 480 Ma. They assumed that most of the K/Ar a‘ges
' r

were minimum estimates and were concerned with' the origin

of the dynam‘other_mal aureole of the Bay of Islands Complex
and the possiblity of later reh%ating.

The new zircon age of 485.7+1.9/—1.2 Ma for the Bay of/
. \ ) .

Islands Com|;1ex *1s most reasonably interpreteld to be
pr.e-Arenigian ' or  Arenigian to conform with the
etratigraphic évidence discussed above. Of cheAthree-’timeh
scales sﬁown idh Figure 7.13, only that of van Eysinga ¢
(1975) is appropriate. If edither Aof the other scales is
correct and the fossil eviden.ce' is to be 't;elieved, the

deposition of the easterly-derived flysch bearing

N

ophiolitic detritus and of the paréllochtho‘nous sediments
on North Arnm Mount‘ain would Rreda'te,crys,ta'llization of the

Blow Me Down trondhjemite. The latter 1s <clearly a
plutonic rock related to- the ophiglite and must'predate the

sediments. These relationships provide strong evidence

a‘géinst the validity of the time scales of McKerrow et al.
{

(1980) and Armstrong (1978) for the early Ordovicianef
. (43

The aureole dates are not compatili_with fossil

evidence either. .They are minimum (coolingh) agés and the
fossil evidence suggests that they are too young (Figure ,

7.13). However,' this matter was not investig‘ated‘futther

&

in this study.

Ross et al. (1978) challenged the age of 463+/-6 Ma

for the _Betis. Cove Complex and suggested that tlie dyke

]
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might be younger than the .ophiolife, They were also
critical of the ‘slight’ paleontoiogic evidence, as
published by Snelgrove (1931), for‘a middle Arenigian age
forr the Snooks Arm Group. The new date of 488.6+3.1/-1.8
Ma for the Betts Cove Complex is compatible with the
presehce of Areniglan fossils in the Snooks Arm Group and
provides an important point on the Ordovician time scale.

This . date is in agreement with the van Eysinga (1975) time

scale, which places the Arenigian stage at 490 to 475 Ma.

7.7 MODERN ANALOG

~ b

These ages place noflimits on the width of vthe early

Paleozolic Tapetus Ocean. An unknown and possibly large
amount . of older, c%}d oceanic crust may have been
completely subducted. If the 40Ar/39Ar age of 6Q5+/-{0 Ma
(Stukas and Reynolds,1974a) is accurate for diabaée dykes
on vthe " Great Northern Peninqula, the oldéét-oceanic crust
may have bee; late P;ecambrian. Strong (1975) and earlier
workers interpréted these dykes to be related to rifting
and early opening of lapetus. Certainly, a well- developed
continental margin sedimentagy sequence was presgnt by
Cambrian time (Williams, 1979). |

The ophiolitestpgesé;tly exposed in‘ the Appalachian-‘
Caledonian Mountain Belt, of a dimited age range, were

formed 1n several tectonic settings. Based on their

geology and geochemistry they probably formed at a marginal

2




basin (or ma jor ocean?) spreading centre, or formed the
basement to 1island arc sequences or oceanic 1islands

(Malpas,l976;.-Jenne; and Fryer,1980; Furnes et 3&..1980).

~'The evidence of an extensive continental margin by

Cambrian vtime and eﬁrly Ordovician: ophiolites of many
differeﬁt geochemicil, and by inferénce tectonlic,
affinities suggests that the Iapetus Ocean Qas extensive.
It 1s suggested éhat this, Ocean may have resemﬂled the

present day western Pacific Ocean with ridge segments, both

.

active and inactive, island arcs and back-arc bastins of.

various sizes preéent along its length (cf. Gale and
Pearce,1982;  Nur and. pen—Avraham,l982). The amount iof
strike slip ﬁovement along faults, if any, in_the Tapetus
Ocean before or during closure is‘unknown. By analogy with
the western Pacific, major displacéments may have.occurred

along such faults and the present arrangement of ophiolites

and volcanic  sequences may, therefore, bear little or mno

" relationship to the Ordovician paleogeography.
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CHAPTER 8 NEW DATA RELEVANT TO NEWFOUNDLAND TECTONICS

AND REGIONAL SYNTHESIS AND TECTQNIC INTERPRETATION -

W

8.1 NEW DATA RELEVANT. TO NEWFOUNDLAND TECTONICS
= % - — ) .

" Interpretation of Newfoundland geology and Appalachian

geology general 1s ~changing Trapidly as Pa result of deep

seismic brofiliﬁg of the southern Appalachians (Cook et

al., 1979) and, 1in Newfoundland, as a direct result of
considerable new mapping acrosé the 1sland ‘combiped with
structural, geochemical and 1sotopic studies.

In order to competently discuss the tectonic history

and emplacement of Qje .Annieopsquotch Complex, one must

take 1n to account much of this growing body of new and

ia;gely unpubligﬁed data. Much of thifs has not been’

presented in the text of the thesis as 1t has been produced

by others’ in various parts of Newfoundland or is

.

-

preliminary data only.

»

It has 'long been recognized <hat major Taconic

allochthons are present in west Newfoundland (Rodgérs and

Neale, 1963; Rodgers,1965; i‘evens,1970; Williams;l§78

‘and many others). These, the Humber Arm and Hare Bay

Allobhfﬁons, consist of a number of slices of sedimentary

fbcks ~separated by melange zones and capped by slices. of -

' -

"ophiolitic rocks; “the -Bay of Islands amnd St. Anthony -

Complexes, Classically, theilr time of emplacement has been

controlled by fossil ages in flysch interpreted to"héve

-~
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been' derivéd. from the weast' due to mass wasting of the
uplifted advancing allochthons. These ages indicate
disruption of the océanic crust'and assémbly of aliochthons
from éast to west bccurfed in Arenigian to Llanvirnian time
(Stevens,1970). The time of final emplacement of the

alldchthons has also been determined by conodonts 1n the

.

'overlylng ‘neocautochthonous’ Long Point Formation
(Rodgeré,i965; Ste@ens,l970). Fahraehs (1973%). determined
~a Caradgciaﬁ aée for the conodont assemblage which implies
a final emplacement' of the allochthons | occurred in
Llandeilian to early Caradocian time (Chapter 7). This
emplécement is defined (from.the Téconié Allochthon of New
'York)'ds the Taconic Orogeny.

Llanvirnian - LL#ﬁdeili%n is'thé‘time wﬁén the Bay of
Islands Cdmﬁlex was moving (Casey and Kiéd,1981) and when
ﬁah?’rﬁolcanic arcs of the Duﬂnage Zone were active.
Volcanism 4n the Dunnage Zone has been linked by most -
workers to subduction of ocegﬁic crust Juring closure of
the Iapitus OcQan,‘geﬁerally synchronous with emplacement

. , © : .
of the west/Newfoundlané allochthons.
Recent detailéq structﬁral mapping of crossw sections

from the Long Range Precambrian inlier across the Humber

Allochthon to the west coast of Newfoundland sttbngly

supports the euggestion that the entire Humber Zone 1is
allochthonous (T.J; Calon, pers. comm.,1983). He has
suggested that a basal decollment above cont}hental crust
occurs at a depgh of possibly two or three kilometers.

Such a suggestion has likewise been made by C.




: . . - | BT
. Beaumont (pers. comm.,1983) on the basis of the siie_and
# geometry of the Anticosti Baéin west of ﬁewfoﬁndland. They
reason that the Qeight ‘of the Huﬁber Arm Allochthon, as
lpul%ned by Stevens (1970) is insuffiézent to hold the Sgsin.
in 1its downwarped positioﬁ and that a far moré\massl;e
allochthonous body must exist in west Newfoundland. They
thérefore 'suggest that m;st of tﬁe Humbgf Zone, iqcluding
the'Precgmbrian inlier, 1is allochthonous.
If correct, and the present, writer favours .such an
interpretation, thig adds a wﬂole, new dimension to the
- Taconfc Orogeﬁy in. the Newfoundland Appalachi;ns. It
suggeéts tﬁat this orogeny involved'tecfonismAand cruséal .
shortening more on 'the. g;ale of. that rec;tded' in the

Caledonides of-Norway, the soutﬁern Appalachians during the

Alleghenian Orogeny (Cook et al., 1979), 1.e.; hundreds of

‘kilometers of movement of nappes.
Beyond this new - 1nteréretation by Calog and
-co;workeré; -eve; . more radical models are now beiﬁg
suggested for the extent of Newfoundland rocks that aré_
‘a}lqchthonous and were allochthonous in Ordovician time,
) EQidence, mostly unpu#lished, is accumulating which
-ind;cates that much of the Newfoundland Appalachians may be
- ) .~allochthonous. . : , : | N

Zircoﬂs were separatéy from early to middle Ordovician

T foliated tonalite - and granodiorite which 1intrude and
include ophiolitic  rocks ; 1in southwest Newfoundland
(Chorlton, 1982; " Dunning, Carter and Best, 1982).

Analyses indicate that these =zircons have cores of
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approximately 1400>.ﬁa age. Hiéh contgnts_of large ioQZ
jlithophile elements in the t§nalites and the U-Pb . (zircon)
data ~(Dunning— and -K:;gh, unpgblishéd data) suggests that
. » ’ ) these intruéive iocks formed by partial melting of oceanlc

and Grenvillian ‘(?) continental crust; or. possibly
+

‘ p : . . o o
¢ . ’ sediments derived from continental «crust, Wilton (1983)

suggests ' that the generation of Dévonian' granites. 1in
southwest Newfeundland is dﬁe'to partial meltiﬁg of aiready
depleted (onée meltea) Grenville granulite. 'Iﬁ _is"
"auggested }hat_ ihé Ordovician tonaiific magmas" were -
generated during the first.melting ;pisode and that uunder

west Newfoundlanﬁ a @epletéd, once (or twice) méited,
continéntal crust 1s ﬁfesent. .
! The presenﬁ Qritet's view is that this. crust is 6f
;ranulite J

@ .
of one or more melr ffactiéns! proBably ‘hypersthene =

facles metamorphic grade, dense, due to the loss

Eéaring gneiss of’ apprbxiﬁétely dioritic cohposit;bn and
with a predominant IZOO Ma age, as indicated by "the U-Pb
(zircon) data.. ‘ -
Another al;etnative is that sediméntary rocks,

possibly of Fleur dev Lys type, with a bulk composition
éimilaf to ghat of contineqtal crust. and containing

-t 'detrital zircons. of ca. 1400 . Ma age  are beneath the
inferred basal decollment, These could - have been the
source, with oceanic Erust, of the tonélitic melts. Or,

possibly true continental crust underlies the west part of

southwest Newfoundland and sedimentary tocks underlie the

eastern part.




L

In a fé-interpretation oft the gravity data for Notre
Dame Bay, 'Karlstrom‘ (1983) indicates that it can be
reconciled with van allochthonous Dunnage--Zone above a
decollment at 'approximately ten ,kilometers depth witﬁ
continental crust beneath, Sonhe' eérlier interpretation

of a dense substrate, presumed to be of ultramafic

éomposi;ion beneath the Dunnage Zone (Miller- and Deutsch,

.1976) 1s not theﬁbnly'one possﬁ;&e for the existing data.

Miller (pers. comm., 1983) now indicates that the gravity

»

data 1s ambiguous and could be reconciled with .an
‘allochthonous Dunnage Zone. It is& suggested that depleted

granulite gnefsses may be densk\enough to accomodate the

gravity measurements.

vInliers of foliated granodiorite in the North> Bay
Granite.~<Dickson and Toml;ﬁ, 1983) are lithologically.
simiiat-to the foliated tonalite ~ granodiorite terrane of
southwest Néwfoundlgnd'{wtiter's observation). As zircons
from these inliers (two samples) cantainA cores inherited
from a terrane approximately .1500 Ma o0ld (Krogh and
Dicison, unpublished dat;), the interpretation for the
generation of  the ‘tonalite tkrrane of southwest
Newfoundland may be applied to these inliefs in

’

south-central Newfoundland as well. That is; that{they
formed by partial melting of .a source of approximately Y1500
Ma, of granitic cqmposition lat depth, or of sed ary
rocks der}ved from ;uch a terrahe. These two samples from
thé Bay d'Espoir.area plus the occurrence of old inherited

~zircon in the Deadmans Bay Granite (Currie et al., 1982) in
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~-the Gander Zone are east of most of the Dunnage Z;ne. It
- 1s therefore reasonable to suppose that simiiar continentai
crust, or- sediments derived therefrom, may be continuous
between all sample locations and 'thus"uqdef all of the
Dunnage Zone. The geology 9oeen . at the surface thén is
1ike1§ allochthonous with respeét to an underlying dense,
ﬁnce melted, contingntal crust (or sedimentary rocks from
“;uch a sourcée). Indeed, the.fossil continental margin of
ancfent- 'North America may 1lie beneath the presumed
decollment somewhere under central Newfoundland.

It has'vbeen suggested (Colman-Sadd, pers, comm.,,
1983) that a window exposing rocks underlyihg this inferred
decollment occurs between the Pipestone Pond‘and Coy "Pond
Complexes of the soqth-'central Dunnage Zone.

As a result of the above discussionrit follows thaF;

although some rock units of west Newfoundland are

lnterprefed to be allochthonous in relation te othersiwh;ch

are thought to be autochthonous, all might be alloqhthonoué

»

on the larger scale.

8.2 COMPOSITE DUNNAGE ZONE

The question of major transcurrent movement Iin the

Dunnage Zone 1s now much debated. The idea that the Zoné

is composed simply of volcanic arc sequences built on

octanic <crust, while perhaps true in a simple sense,

tgnorés or oversimplifies complexitﬂ;s within the Zone. It

v




‘18 more appropriate to think of the Dunnage Zone as
. < .
cdhposité, containing many discrete volcanic sequences,
: {

largely bounded by faults (and traditionally mapbéd as

-

separate formations or groups) which bear uncertain

N

relationships one to the other, and may be of different

ages. The Juxtaposition of some of these sequences may

result from ma jor transcurrent movement along faults in the

Iapetus Ocean, some of which may be preserbéd in the
o/ . -

Duunnage Zone. Thus the present relative positions'of
Ordoviclan volcanic sequences may bear no relation to the

»

Ordovician paleogeography.

Church apd Riccio (1977) and Coish and Church ‘?1979)
divided the ophiolites of Newfoundland into two groups;
those of the ‘Externgll Zone’ with high - Ti basalts
predominant »and thoée..of the ‘Internal Zone’, with Ti -
deplefed basalts. The former are represented by the Bay of
Islands Complex and the latter ipclude Betts Cove Complex
intermediate andllowbr lavas and Mings Bight (Point Rouss;
Complex) low - Ti basalts (Norman aﬁd §trong, 1975).

The distinction between these two zonesexwés twofold;
- geographiéal and lithogeéchemical. A ' fundamental
difference was implied to exist between those ophiolites
"emplaced. on the continental margin and those remnants
présent in the Dunnage Zone associated with 1sland arc
‘sequences. However,‘Lorenz and Fountain (1982) showed that
many dykes of the South Lake Igneous Compiex have high - Ti

'

. a » !
- contents ‘and that this JComplex 1is geographically, within

the ‘Internal Zone’.
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Likewise, this:r study clearly shows that the

-Annieopsquqtch Complﬁ}, and related ophiolite fragments,
L

are high - Ti ophiolites yet they. are, clearly assoclated
. v s
geographically with the Victoria Lake Group. TiMs Group is

a volcaniﬁ arc sequence, at least in paft, but may not be
an 1sland arc sequence as 1ntérpreted by Kean et al (1981).

This division into zones, based on the study of a

’
g

small number of Newfoundland ophiolites theitefore breaks

down when one examines the larger pilcture, 1in particular

the ophiolites of central and southwest Newfoundland. As
" the Dunnage Zone 1is cbmppsite; the relative position of

‘,moét Newfoundland ophiolités in Ordov;cian time is unknown.

Therefore “any attempt' to recognize patterns in the
chemistry 6f different ophiolites and relate them to the
current:geography of the latter 1is fraught with danger!

) -

8.3 TECTONIC HISTORY QE:THE ANNIEOPSQUOTCH COMPLEX AND

“-RELATED OPHIOLITIC FRAGMENTS

It has bee? demonstrated in this wark that a belf of
ophiolitic rocks extends from Shanadithit Brook, near
Buchans, to King George IV Laké. All were previously
mapped as early Paleozolc g#bbro or diorite intrusions.
These ophiolitic fragments are correlated (Chapter 2) with
the Long Range Mafic- Ultramafic Complex (Brawn, 1976) of
southwest Newfoundland and a large number " of additional

fragments 1dentified in the surrounding region by Chorlton

<
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(1982), e

In the region of the Annieo‘psquotch . Mountains of
southwest - Neéfoundland’ many’ ophiolitic fragments are
o . - . i % R
present .that form high .~ standing massifs with no visible

means of éupﬁort.'.ﬂépping of several of these reveals that
'they are bounded in whole or in part by steep faults, séme
of which' the Cabot, Londs" Ri'ver_ and Victoria Lake
inults, a‘re strdc_ﬁureé of 'regional significance. The .
'm;)vement hist(lary of these faults is poorly known.‘ qlt.' is
suggested that the Lloyds River and Victo_ria Lake Faults
'may well have been Ordovician thrusts. | |

Both the foliated tonalite terrane to the west‘and the
Victori? ; Lake Group to the east “of th; Anniebpsquot’ch

Combl'ei are likely 'younget, than it and intrude it (Chapter

2 o

~2).  Both have th‘ese'majdr faul‘ts,sit'ed-within them‘ and are
af'fecﬁed by further mbve"ment along them. In addition post
- early S{lurian uplift of the Annieopsquotch Mountains, has
cleaxly occurred (Chandlex, 1982), presumably along '

I:loa;ds River Fault, It is 1'ike1y' that Carb-oniferous or

1ater movement has ogccurred on these faults as- well

~because Carboniferous sedimentary rocks on the west side of

Red Indian- Lake are tilted., :

.
.

Strong: (1972), and later Karson and - Dewey (1978),

hotéd that slﬂéeted dykes in both the Bay of Islands and

Betts Cov._e.»Comp'lexes. trend rourghly _nort}west. This 1led
“‘them to suggest, ‘that  the spreading ridge that generated
- . - ° . N c

.f:hese_r-qck's-"was' oriented northwest, at a high angle to the.

¢

supposed paleo - bpnt’inéntal margin. This model ignored




the vastly.'different c,h'emistry of the two ophiclites;  one-

MORB, the other with lavas of MORB, island arc (or ocean

1slanh@and high - Mg boninitic type. . "
4 ‘ . .
Nevertheless, a predominantly northwest sheeted dyke

trend is present and remarkably, all sheeted dykes 1in

“ ophiolitic fragments of the Annteopsquotch ophiolite belt

N A}

4

basaltic lavas analysed from fragments 1in the belt, ' from

Shaﬁa’d‘lthit Brook to K1~ng'George IV Lake, have virtually
~ -7 .. . .
identical MORB chemistry, and. all plot on the same trends

‘on most trace element variation diagrams. Therefore it is

.

reasonable to suggest that they may be systematically

rélated and have all formed at a single"spteéding fidge.

. : It 1s suggested that the ophiolitic fragments of the

Annrie‘opsquotch ophiolite belt are remnants of ‘a once

continuous sheet of Iapetus Ocean crust, The slab of"

oceanic <crust was.syste;natical]iy (decoupled from mant.le
lithologi';s alc_m& the iayered critical zone and empla-cex-i
over ltAhe patt'ialiy subducted continental marrgin. Partial
ﬁzeltit{g-of a mixed- packag.e, of susductlng rocks, including
. ) \
»oceanic crﬁst’, Fleu? de Lys typd sediments 'an'd continental
crust, generated the 'tonaliﬂtié agmas that .1ntruded,' in
some cases engulfed, and dis 'upted the 'ophiolitic rocks.
N . . . .
These plutons <coalesced to form an Ordovician calc -
alkaline batholith which en({lose.d the ophiolitic rocks.
- Locally hunfiyeds of small (métre or ]:ess across) bloéks,

interpreted Eo' be dérived from ophiolite, occur’ bordering

large ophiolite massifs and form agmatites with tonalite é.s

have the same northwest trend. All diabase dykes and’
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the host.

. In Chapter 2 a conservative interpretation was
presented of the area of ophiolitic rocks preserved in the
Annieopsquotch ophiolite belt. Bodies of mafic rock- that
are poorly expésed or of uncertain affin.ity w‘ere excluded.
In addition, much count):-y w'ith little rock ex.posure occhrs

between mapped ophiolitic fragments that could also be

’

underlain by thesé rocks. So the possibility exists that

.

some ‘fragm'ents' are actually limited exbosu:ies of a singlé
large sheet. This is suspected to be the case especia.11y
for the ar:eé bétween Lloyds I,,ake and Southwest Broock Pond
énd 'a.lso the northeas(t corn'er of the Puddle Pond map area.

I1f all t ophiolitic fragments are in their original

relative positidgs 1in the sheet of oceanic crust the area

outlined by theﬁi;/ s ™about 1130 square kilometres. This is

. -~
an area .comparable to . that of the entire Bay of Islands

Complex. This 1is a wminimum area because imbrication of the

ophiolitic“_rpgks (cf. 'Dunning and Chotlto“rlx, 1983)-"u_1‘ay have

1

reduced their original extent, however t;his estimate 1s a

useful first apprdximation. It 'indicates that a large

ophiolitic sheet was emplaced " in southwest Newfoundland

and, if 1t was once contlinuous with the Long Range Mafic-
Ultramafic Complex and assoclated fragments, it was by far

the largest dphiolitic allochthon in Newfoundland, perhaps

in the entire Appalachians!
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8.4 AGE RELATIONS OF APPALACHIAN - CALEDONIAN OPHIOLITES

The ages so far determined for Newfoundland ophiolites
are closely comparable. The oldest, apparently, {s the
Pipestone Pond Complex (495 Ma) which is cent;.'al 1;1 the

9
Dunnage Zone,

The Bay of Islands Complex is younger than previously-
thought (485.7 Ma) and the Betts Cove Complex older (488.6
Ma). These new ages overlap within the two sigma errors
quoted. The new age for‘ the Bay of Is:lﬁnds Complex refutes
two previously determined late Cambrian ages, while that
for the Betts Cove Complex resolves a long standing

.

inconsistency between previous radiometric and fossil age
determinations, .These ages serve to refute tectonic models
that relied upon a large time gap between the generation of,

the two cowmplexes.

£ .
As all ophiolites dated - in gewfoundland, are,

allochthonous and fault - bounded; no model linking their
® .

ages to thelr present relative positions would have any

meaning. : < B

A survey of ages of ophiolitic rocks in the
Aq)palachian - Caledonian Mountain Belt reveals that t'he'y
are restricted to a  narrow time ‘range. . Within errors

’

quoted, all could have formed between 492 and 479 Ma, which

.

covers part of the Tremadocian and Arenigian stages of the

early Ordovician on the van Eysinga (1975) time scale.

s
.

Possibly only late - formed, lhot- ‘or - topographica11y~.

high oceanic crust was able to be decoupled from the mantle

-
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i?d be™successfully emplaced on the continental margin.

Older (colder?) tbpographically low oceanic crust was'

: [
subducted. Therefore, no estimate of, the duration of

sprea?ing or width of the Iabétus Ocean 1s attempted on the

basis of the age data.

8.5 SUMMARY, OF THE THESIS

&

gl

1. The Annieopsquotch Complex of southwest
. s

Newfoundland is one of a large number of ophiolitic bodies

which, 1nc1uding the Long Range Mafic- Ultramafic Complex,

extend from Buchans to'vPort aux Basques. Those in
L * . A
study area are 1included in  the Annieopsquotch ophiolit

belt (Dunning, 1981), ' ‘

The‘Complex 1s fault- bounded and is Juxtaposed to the
northwest with a folifated tonalite. terrane .of Ordovician
age and to the southeast with the Vicgoria Lake’ Group.

Rocks of both of these units intrude the ophlolitic rocks.

‘The Complex'is cut by two gabbro- diorite intrusions of

late Ordovician age and a granitic intrusion of presumed -

Devonian age, and 1is unconformaﬁly overlain by terrestrial

sedimentary and bimodal volcanic rocks of early Silurian

age (Dunning and Herd, 1980; Chandler, 1982; ’'Chandler and

Dunning, 1983).
2. The Annieopsquofcﬁ Complex dips and. faces
southeast and exposes a cross— section through the

.0pﬁiolite stfatigraphy from the critical zone to the pillow
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lava zone.r The sheeted dyke zone extends thé full length
of the ophiolite and shows transitional pontaéts atl both
its base and top.

Other'ophioliteVf;ggments in the belt expose 'ong or
more of the zoﬁes but none céntains a complete section.

3. The cross section through the magma chambers of

the ophiolite provides an opportunity to'observg many of

:He.features of its igneOus history. These include:

a. olivine- plagioclase— clinopyroxene cumulates
which crystallized from the most primitive basaltic (or
plcritic!) melts ana which show,fea;ures sucﬁ as 1somodal
and graded layering, dropped blocks, slump f61ds and trough
structures indlcative ‘of currenté and‘ ot?er piocesse&

active in magma chambers;

b. zones . of fine- 3 grained, équigranular
metamorphdc mafic rock near the bfse of ;he ophiol%te,»
which frovide evidence of métamoréhism of blocks K stoped
from he roof and zones of amphiboli}é which fqrmed by
metamorphism of coarse- gralned gabbro;

c. faults that cut at a high angle across the
ophiolite gtratigraphy and héve gabbro or trondh jemite
intruded along. them, 1ndi$a:ing that they were ‘faul;s
a;tive im the oceanic realm;

d. ‘texturally - heterogeneous high~level
plagioclase- clinopyroxene gabbros which locally crosscﬁt
other gabbros inciuding rocks of the critical zoﬁe;

e. stoped rocks from the roof of the ﬁagma

chamber which reacted with the melt to produce hybrid zones




leading to, the 'generation' of  trondhjemite 1locally and

magnetite~ rich gabbro 'and diorite containiﬂg hydrous

minerals elsewhere;

> . e. a transition;zone at the top of the gabbro

zone, through which the percentage of diabase dykes cutting

gabbrojfhpidly increases and where -1rregulér. patches of

fine- grainea diabase occur, which are interpreted to‘be
quenched ﬁools of b#saltié liquid 1o the robt zone of the
diabase dykes. '

4. The . sheeted dfke zone of thp Annieopsquotch

Compléx 1s con:inu0uejover a strike length (90 degrees to

strLke .of the dykes) ’ofr iﬁéﬂty- km. It 1s -cgmposed
ovefwhelmingly of} diabase .dykes,"many of whicﬁ are
plagioclase~ porphyiitic.. Witﬁ gew exceptiohs, they strike
northwest- sou&heas; and are steeply ﬁipping. Eflmination
;f céniinuous sections approximately across strike doéa not

appear to support the use of one- way chilled margins to

indicate the direction of the paleo- spreading centre.

However, since no statistical data were collected, a direct:

comparison with the work of Kidd and. Cann (1974) 418 not
possible. ' _ B . .
Sheeted dyke zones 41in the ophiolitic - fragments ‘at

Shanadithit Brook and King George IV Lake, the extreme ends

of the Aanieopsquotch 'ophiolite " belt,  are similar 1in

'composition‘ and orientation to that of the Annleopsquotch

Complex. This suggests that all the frpgﬁents may be

remnants of a once continuous sheet, and that the intrusfion

of ﬁhe tonalitic rocks did not severely displace the
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- fragments., However, there may be relgtiye movement between
those frégments wes; of the.Lloyds'R;ver_Fault and those to
the east. If the entire  sheet was not rotated during
emplacement the dyke 6rientations further d{mply that the
paleo~- spreading ridge was orientea approximately
n;rthwest— southeast, .1é; at a high angleb to  the
interpreted continental margin of ancient North Amerihaf

oo, " 5. The majdr, trace and REE geochemistry of diabase

dykes and pillow lavas of the Annileopsquotch Complex and of

the ophiolitic fragments analysed clearly indicate that

'
- i

they are of ﬂ(:mal—type MORB affinity. The chemistry of

clinopyroxenes rom the Annleopsquotch Complex. is

consistent with this interpretation.
. ¢
‘Dykes and lavas from all fragments show the same

trends on trace element variation diagrams, suggesting that

' they may all have formed at a single spreading centre.

This 1is furthes 9uppor£ for item 4 above.

6, Two -U/Pb {(zircon) ages for trondhjemite pods ,
within the Annieopsquotch Complex are 477.5 +1.3/-1.0 #hd
481.@ +4 ,0/~-1.9 Ma, bofh late Arenigian (490- 475 Ma; van
hysinga, 1975). New U/Pb'(ziréon) ages for trondpjemite in
the Bay of Islands Complex and gabb;p {n- the Betfs . Cove
Complex are.  485.7 +1.9/L1.2 and 483.6.¥3.l/—1.8 Ma, both ‘ h
early Arenigian. The former iefu;esﬁlateat ‘Cambrian U/Pb
(zircon) and NJ/Sﬁ ages reported Ly Hattingon (1976) and

Jacobsen and Wasserburg (1979) respectively. The latter

‘ 77 " refutes a U/Pb zircon age of 463 +/-6 Ma repbtted by

Mattinéon (1975) and ¢onfirms the Arenigian age determined




»

by Snelgrove (1931) from graptolites in the overiying
Snooks Arﬁ Group.

The new ages determined in thié study are tightly
;luétered ana closely comparable to those of Fhe Ballantrae
Complex, Sﬁotland‘(48§ +/-4 M;; Bluck et al, 1980) and the
M'Ciintock West Mgssif, Canada k481 47/-6 ;a; Trettin et
5&,1982). Two other Newfodndlahd ophiolites, ﬁhe Lusheé
.Bight "Terrane and.thé Pipeétéﬁe'?ond Complex (455 +/-5 Ma;
St;kas and Reynolds, 1974{ 495 +/=-3 Ma; Dunning and
" Krogh, 1983) are’ of Tremadocian age (500- 4§0 Ma; 'vﬁn
Eysinga, 1975); These data imply “that oqeanic ‘tgust of
:énly a limited age range is preserved in the Appalachién -

Caledonian Mountailn Belt.

7. The ﬁictoria Lake Grogpl(Kean, 1977); 1# part of
Llanvirnian? Llandéiiian ége, is a sequente oflisoclinaily
folded and- faulted gasalt, dacite, rhyolite and .tuffaceous
saﬂdstoné, siltstone and argillite that is poorly_exposed
to the east of fhe Aﬁnieobsquotch Complex.

The Gioup has generally been interpreted (cf. Kean et
al, 1981) to be an island .arc sequence and is corfelated
with volcanic sequences of the Dunnage Zone’ expaosed in
Notre Daﬁe Bay. Howeyer, the bimodal nature of' the
;olcanic rocks and.the MORB- like chemistry of the basalts
is puzzling and suggests a different deriv;tion than that
of an'intra— oceanié island arc. It is suggested here that:

many of the basalts should be correlated with those of the

Annieopsquotch Complex and the King Geoxge v Lake

ophiolitic fragmeént, as ‘was fifﬁt suggested by PFenton

|




(pers. conmm.; 1979) baséd on fileld relationships alone.,
. v -

The abundance of felsic volcanic rocks suggests derivarcion

by partial. melting of a continental source, It 1s
suggeéted that the Victoria Lake Group may hav% formed in a

transitional tectonic setting and that the basalts and

0y
0

rhyolites may not have a common genesis, - ,
8. Recent-regional mapping - has proiided much new
evidenﬁe  Q1th which to éonsttﬁct.a mode'l for tge evolution
of southwest Newfoundlapd. The -reéognition of a . large
number of ophiolitic fragments impiies that-véfy large’
allochthons of N-type MORB ocq@nic.crust were emplaceh over
the continental marg;n outboard (to the present day east)
§f the Humber Arm Allochthon of the Humber Zone.
. The large area of Ordovician foliated tonalitic rocks
outlined, which intrude the ophiolitic fragments,vindicates
that magmatism at the oceanic— continental interface was an
important process atlapprox;mate}y the time of the. Taconic
orogeny: The vériable degrees of deform;tion of diféerént

tonalites suggests that plutonism continued throughout and

indeed outlasted the Taconic deformation.

~ The recognition of ophiolitié fragments and probable .

Fleur dg Lys sedimentary rocks together, 1ntruded and
includedbby the tonalitic rocks (similaf to those 1included
in thé Dunnage Zone elsewhere in Newfoundland),-suggests
that the Dﬁnnage‘ .Zone ‘extends 'throﬁgh southwest
Newfouﬂdland. The accumulating evidence‘suggests too that

both zones atre allochthonous over Precambrian continehtal

crust, . ‘ ki
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APPENDIX 2 MAJOR ELEMENT ANALYTICAL PROCED&RE

AY

Ma jér element contents were '~ determined at the

¥

Analytical Chemistry Laboratory of the Geological Survey of
Canada by XRF techniques on fused discs composed of | gram

of sample, 5 grams of L12B407 and 0.3 grams of LiF,

Each s4ample was analysed with 'a single 20 minute

reading and - matrix efflcts® were corrected by alpha '\~

»

coefficients. Shown:in Appendix Table 2.1 are statistical
Oy

data for the oxides determined. Fe203 and Fe0 weres
analysed by the  Pratt titratiom\ method for better

precision. Acchracy quoted by the analyst for this method

-

is +/f;.02 wt. % for Fe+2 and +/- .05 wt. 2% for Fe+3.

Appendix Table 2:2, columns 1 to 6, show -major element.
v ‘ . .

‘oxrde contents for 3 samples determined by fused pellet

P - |
(XRF) at the GSC and by AA at MUN. Agreement is good 1in

. [ .
all cases. Columns 7 .and 8 show analyses of 2 splits of

powder of an g¢livine gabbro “from® the Annieopsquotch .

Complex, pgrfor ed by XRF at the GSC,

I




APPENDIX TABLE 2.1 .

STATISTICAL DATA FOR MAJOR ELEMENT ANALYSES ,
BY FUSED PELLET. (XRF) AT THE GSC

AN

Calibration L Total Max, Error Determination Standard .
Range Absolute, - Relative % Limit Deviation

0-100
0-3
0-60 -
0-1
0-50
0-35
0-10
0-15

" 0-1

.30
.01
.30
.01
.16
.05
.10
.03

.01

OO0 0 00 oo oo

[ I e ™
<

TO, 0O 0O 0O 0O 0o O o

oo 0 00 oo oo




\ appENDIX TABLE 2:2
 COMPARISON OF DUPLICATE RAJOR ELEMENT ANALYSES °

1 2 3 4 , 5 6 © 7 8-
EH7077 - ' HY.610.79 HY.F405.78 .  BOHPAD133-5
Kilauea Granodiorite Akaitcho _ O0livine
tholeiite . _basalt « gabbro
MUN GSC MUN GSC £  MUN GSC GSC
(AA) (XRF) - : : : * (Duplicate)

50.0  .50.7 ' 61.5 62.7 _52.6 52.9  46.2 45.8
. 2.68 2.75° .60 .62 2.6 231 .21 .22

13.8 13,9 - 17.27.17.8 - -12.8  12.3  19.2, 19.3

12.64 2% 5.49 112 16,64  3.29.° .88 .76
“e- 939 -- 392 -- -11.90  4.80 4.95
A9, 0 .19 Y07 .08 . 22 .24 -0 G

6lsd. 6.48;\'_1,55 1.78 . 3.46 3,197 1.8 12.0.
. 1037 - 10.6 . 3.04 3722  6.1%. . . 6.24 135 13.5

2.29 2.3 3.26.73.3. 2.6 2.5 .8 .9
51, .55 3063 377 172 LT7 ==l e
330 .29 .16 .17 .86 s .03 ke
43 .7 L77 o229 .81 L7489 .76
100.6  98.24 100.7 99.64 , 98.9  98.43 98.34

.
)

-
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APPENDIX 3 TRACE ELEMENT ANALYTICAL PROCEDURE

- \
. - -
g
L 4

Sample pellets cbhsist of 10 grams (+/- 0.05 gm.) of

sample powder -with 1.45 grams (+/- 0.05'gm.) of bakelite

v

resin, mixed together then pressed to bind the ‘pellet..

ﬁellets were baked in an oven at 260 d?§P°€{ C for fffteen

minutes to set the binder.

Samples were run in-batches of nine with a sﬁandard of
i . .

known trace element content run as a tenth sample. Mean .

(and standard deviation weté *calculated . from replicatg 

anglyges of standards BCR-1 and W-1 (Appendix Table 3.1).
éamp%es‘were .anqused“with a ’Phillip; 1450‘ X}ray

FIoufesceﬁcé Sﬁec;rometer. A yonitor, saturated with trace

eléﬂents was calibrated aghinst standards and every element

fat@oéd todt. This takes care of instrument drift between

- L
runs. .
., .

A. - Rh pubg was .- used - for all . analyses.
Th,U;ﬁb;Sr;YaZr,ﬁb,Qu 'and‘Ni ﬁere:analyped usinh a LiF 220
cfys;&I witﬁ twenty second éounting times. -The Conton

‘péak; yas Ahéea for'matrix correcgioﬁé for these glements.
Thezoghe{feleménfs.wereuaﬁalxs;d\ﬁSIAQ tiye LiF 200 crystal
5w1£h forn?“secqﬁd counfting times. i

.. Analyses 6f'l_’b:,Th,U,Rb,a'nrd Nb are v;g’:cvytte to within

- #/= 1ppm. -




| © APPENDIX TABLE 3.1 .
MEAN AND STANDARD DEVIATION OF REPLICATE ANALYSIS
OF STANDARDS BCR-1 AND W-1.

BCR-1 (10 Analyses)

Standard Minimum . Maximum BCR-1
Deviation: . . ‘Accepted
' e V&#lues
. 4.35 6.00 . 22,00 . - 14
2.23 - 6.00 6.1
1.66 .- 5.00 1.7
2.07 . 48.00 ERIVES
5.17 .. 322.00 330
2.12 . ' ‘ 49.00 40

3.4 ) 186.00 , 185
1.15 , 13.00 4 12.9
1 2.3 '137.00'1’(f T8
- . | o , .
1.35 15,00 10
4.85 - 7100 27
18.39 © : 799.00 S
.99 , . 421.00
5.55 _ 89.00
" 1.78 " 18.00
.82 | 22.00

\ 5

BCR-1 values




RPPENDIX TABLE 3.1 *
MEAN AND STANDARD DEVIATION OF REPLICATE ANALYSIS
OF STANDARDS BCR-1 AND W-1

W-1 (iO;Ana]yses)

v 4i ‘Max . W-1
: ' Accepted
Values

15.00 - . 7.8
3.00 2.4
7.00 587
21.00 - 21
176.00 190
30.00 . 25
90.00 ¢« 105
9.00 9.5?
103.00 . ,°86
86.00 ' 110
71.00 o767
43.00. 9,87
219.00 - 160
263.00 . 260
38.00 237
103.00 1157
22.00 16

)

W-1 values from Abbey (1980)
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APPENDIX ﬁ RARE EARTH ELEMENT ANALYTICAL PROCEDURE

‘REE were determined by tHe thin film XRF metho’d of

Fryer (1977) with mod’ifications.
¢ .

1.5 to 2.0 grams of sample was dissolved in HF and
perchloric acid in Teflon beakers. The so}ution, in 3.1 N
HC1, w;ls passed through ion ekchange colurpns ‘to separate
REE, Y and Ba from the other elements. Ba was then remo;ed
from the sample by grecip&tation as BaS04. ‘

The solution was then concentrated by evaporation
before being taken up on an‘ion exchange paper disc. This
paper was _the‘n. dried/and analysed by XRF calibrated against

international rock standards. Shown in Appendix Figure

4.1A are multiple REE analyses of‘gample BHVO=~1 by Easton

(1982) using the~method of Fryer (1977) and the published:

values of FlanagF(l976) and Leeman et al. (1980).
Appendix Figure 4.1B shows & comparison of REE abundances
in .sample EH70-77, a Hawaiian'tholeiite, as determined by

Easton (1982) and at MIT by neutron activation techniques.

These determinations done by XRF techniques at MUN are .

within 10 % of the published and neutron_activ‘ation values.
Therefore, the estimated accuracy of the XRF - REE method
fér these rocks is +/~ 10% as claimed by Fryer (1977). -
The Annieopsquotch Complex samples have lower
abundances ,/f the LREE by an order of magnitude than these

standards, so the errors may be significantly greater.

However, these depleted REE values are consistent.with the

378




Appendix Figure 4.1A, Comparison of determinations of REE abundances
in BHVO-1 by Easton (1982, MUN) and published values for
the rock standard (Leeman et al., 1980; Flanagan, 1976).

Appendix Figure 4.1B. Comparison of REE abundances in sample
-~ EH70-77, a Hawalian tholeiite, as determined at MUN by XRF
and at MIT by neutron activation techniques. - ”

L]
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concentrations of other ‘trace elements in the samples and

the general patterns and abundances are - intepreted to be

.
0

real.
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. APPENDIX 5
ZIRCON PREPARATION AND U-Pb ANALYTICAL PROCEDURES

-

5.1 ZIRCON SAMPLE PREPARATION ‘

Each sample consisted of approximately sixty kilograms
of fresh"ﬁand— specimeﬁﬂ sized pleces collected from a
single oupcrppvof gabbro or trondhjemite. The sampleé were

.

crushed and .pulverized and Fhe powder panned on a HilEley
table. e
s

Zircons 'were removed from the heavy mineral
concentrate 1in a se;ieé of steps involving:

}: free- fall magnétic separation. using a Frantz
separator to femove iron filings and magnetite;
' 2. Bromoform heavy 1liquid separation to remove quartz
andlfeldspar;

3. intitial F;antz magnetic separation, at‘lO degree

tile, to remove moderately to.strongly.magnetic minerals,

especially amphibole and epidote;

4. Methylene Iodide heavy liquid separation to remer
. L

A

mineralé with a specifié gravity less than 3.3 and;
5. £final Frantz magnetic separation at tilts from 5

I3

to O degrees to separate zlrcons (and ‘remaining sphene,
apatite and pyrite) according to ‘' their ~ magnetic
susceptibility dnto five fractions; NO,HO,MI,HS;HS.

Each of the five non-magnetic or magnetic separates of

the zircon concentrate was seived into fi)\ size fractions:




383

-40,+70 -mesh; -70,+100 mesh; -100,+200 mesh; —200,+325\\\

mesh anﬁ; —325 mesh. This-yields a total of twenty- five
’ .
fractbons of zircon, with characteristic si{e and magnetic

properfies.

52 ZIRCON SELECTION

. I3

The coni&ftrates obtained by the procedures deséribed
above ‘usually stili ;contained. pyrite and ‘apatige as
coﬁtaminéting .phases. For e'ach ‘sample, ziréons "for
;nalysis were selected by .picking them individually in
alcohol unaer a binoculaf microécope, ‘using t;eezers.
Zircon fractioné analyséd were sélected to get a range of
points with different degrees of Pb loss . to define =
dlscordia 1ine. » >

Clear crack- free zircons from the non- magnetic (NO)
fraction, abraded to remove outer surfaces which miéht have
undergbne Pb.loss {Krogh, {982), éenerally pfﬁt closest to
or on concordia. The wmost diséordant point was usually
provided by analysis of the ﬁ3,¥325 fraqtion or M3 grains
Ghich were cracked, cloudy or turbid. These features have
.all been showa to‘indicate that'the zircons are of lower
iaotegrity and likely have lost more Pb.

Points intermedliate between these were obtained By
an%lyslng average bulk material afteé abrasion or NO, fine
gr;inedl material ' without abrasion. In genefal, finer
grained zircons, which have a larger surface to volume
ratio, will have undergone greatef Pb loss and therefore be

s

more discordant.
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5.3 ZIRCON DISSOLUTION AND U-Pb LOADING

Zircons were processed by the method of ﬁrogb (1973)

with modifications. ‘A mixed

(Krogh and Davis, 1975) was introduced into the teflon

capsules with the zircon before dissolution. ‘The sapple%
jgée sealed, with 0.5 to 1.0 cc of HF and one drop HNO3,

the Teflon capsules, which were placed in steel

jackets and then in an oven at 220 degees C for one week .

U and ‘Pb were separated on ion exchange columns and

held as solid precipitate in sealed beakers until analysis.

U ad Pb for three zircon fractions were loaded in a

single sample barrel. U was loaded on an outgassed rhefium

filament, crimped to form a V in the centre. The was

loaded with phosphoric acid and a sglurry of tantalum

pentoxide. Pb-was loaded with phosphorfc acid - on silica

gel. Samples and gel were dried by alowly raising the
" filament to dull red heat. ' .
S.4 U-PDb AﬁALYTICAL PROCEDURE . -

All measurements were done using the Micromass 30

-

solid state massfspectrometer at the Royal Ontario Museum.

Most measurements were perfo}med by T.E. Krogh. ‘Ratios

were meagured wusing a Faraday cup except for 207Pb/204Phb

which was measured using a Daly detector in an

integrating

mode.

Pb ratios were meésured several times with incremental

increases in filament temperature {in the range 1050 to

sample size. - Two or

ahout 1200 degrees C, depending on

205Pb/235U isotopic tracer:

384




N
more sets of the ratios 207/206, 207/204 and 207/205 were

measured. Each ratio measurement consisted of & blocks of

8 peaks.

-

U ratios were measured in the temperature range 1250.
TN

to 1400  degrees C with a “flash’ between each set of data

to help average out fréctionation. The flash consisted of

turning the filament current slowly up to about 3 émps and

quickly back to the standard fange. This melts the sample,

_and presumably homogenizes it, while burning off part of 1t
™

" with Tesultant minor fractionation., For. small samples a

gentle heati:L“of the sample was substituted for the flash.

Two sigma analytical errors of 0.5 and’ 0.102 were
.assigned to Pb/U and 207Pb/206Pb ratios respectively (cf.
Krogh and Turek, 1982). .Aa stated by these authors, these
errors are of A estimated overall reproducibil;ty which
includes both isotopic fractionation in the mass

spectrometer and uncertainty in the common Pb correction.

4
- ew . -

‘

5.5 -METHOD OF AGE CALCULATION - CONSTRAINING THE LOWER

*INTERCEPT

The closely grouped data for eééh sample 1in this
study, which vary from concordant tﬁgj.%z‘discordant, lend
to gilve widely varying lower intercepts because of> the
lengthloﬁ the projection. . '

Due ol£he lack of sp;ead of points, le; the s8mall
range - of observed Pb loss, it 18 often not poassible to use
the method of Davis (19§2) to calculate the best fit line.

“ ¢

By adding a point chosen arbitrarily to lie on concordia at




-

a low'age, with a lérge asgigned uncertainty, one can use
) -

the linear ] regiessibn 'techmique of Davis -(1982) to

calculate—an upper intercept age. ,

Forcing the 1line .through 50 Ma +/- 907 gives a

N -~

positive lower interéept in thé‘range often seen in natural
Pb loss discdrﬁia from Lower Paléozoic rocks a;d the
assigﬁed error of +/-90%Z does not unduly restrict che
actugf upper intercepé age. A Yalue ,0f 50 Ma with a
smalier'~error range, for example +/-3bZ, could have been
used ﬁut this would restrict the errof on the intercept age
unreas;nably. Appeqdix Table 5.1 sbovs the results of
célqulations li;iting the range of the _lower inte;cept
error to varying degregs. If the lower intechpt 1s‘ﬁot

u

restricted in.this way (with the resultant minor effect on

the calculated age) and the 207Pb/206Pb age of the most

concordant point for each sample 18 used, the result 1s O

° .

to 1 Ma younger, Therefore this procedure, though

unorthodox and not to be generally used (T.E. Krogh, pers.

~comm., 1983) makes 1little or no difference to the age

determined and no difference to the conclusions’ derived
—

from them. Of course, since the line has been calculated

- <

using an arbitrary lower intercept, a probability of fir
stasistic would have no real significance.

v

It {s perhaps 1ronic that the main problem in
accurately determining the age of these shmples frém
Newfoundland ophioli¢es has been to produce a significantly

disco?dant‘ dnalytic J most sambles the

concordant points are the hard ones to ‘achieve! This 1s




APPEND1X TABLE 5.1. ERROQORS (2¢9) IN AGE CALCULATED BY RESTRICTING ERROR
IN LOWER INTERCEPT TO VARYING. DEGREES
BAY OF ISLANDS TRONDHJEMITE (80HPAD2537)* - ot

ERROR ON . ~ :
LOWER INTERCEPT INTERCEPT CALCULATED LOWER - . 95% CONFIDENCE
50 Ma LAGE INTERCEPT (Ma) +VE ERROR- -VE ERROR

+/- 30% - - 486.1- 45.51 : 1.25

/= 45, 486.6 ' 42.78 1.56°
+/~ 60% 485.9 33.97 1.
+/= . 15% 485.8 26.70

+/= 90% 485.7 16.5@ © 1.95

*See¢ Table 7.1 and Figure 7.5 for relevant U<Pb isotopic data and concordia
diagram.

.

Y




" part of the larger problem that data from the lowest

n

“qu;Iity zircons (fr&m..a _geolpgié ‘standpoint;; the most
alteredbwith‘;he greatést;degfee of Pb Iosé? is given great
emphaalsuinvling fittiné techniques which are used to
’.&etéfming ' aﬁe ;upbéf' intercept aée. This ptébléﬁ is

discussed furgher" by Krogh and Turek (1982);




APPENDIX 6

ELECTRON MICROPROBE OPERATING CONDITIONRS

. 4 .
Pyroxene, olivine:.and plagioclase were analysed at
Memorial University of Newfoundland  using a JEOL JX-5A

electron probe microanalyser with  three _"wavelength

dispersive spegtfometers run automatically byAthe Krisel

x

control systen.,
g An operating voltage of 15 kv and - beam 'Furtent of
0.220 nA were used for all analyses. Data réduction was
performed‘by the Alpha program provided by Krisel, wusing
the ‘cofrectign schemé‘of Bence and Albee (1968). - Pyroxene
-standards ACPX and FCPX (Kakanuil augite, Frisch . pyroxene)
were used for calibration.’ |

Appendix Table 6.1 shows the fesults of replicate
analyses of the standard Kakanui- augite ;ith standard
-deviation of the oxide and'homogeneity inéex. The latter
is a measure of the homogenefity of . distribution of each
,element {in the grain. "Values léss than 3 are generally
taken to {ndicate that the elemenw ha;-‘a homogeneous

. [ Y )

distribution in the grain, Elements present in small

amounts (T1, Cr, Mn and Ni) will show a inhomogeneous

-

,distribution by this measure because the calculation does

not take background counts into qccohntn
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APPENDIX TABLE 6.1 REPLICATE ANALYSES OF PYROXENE STANDARD ACPX

1. ’ 2. -
Average of  Standard Homogeneity Av. 5.D. H.1. Accepted
5 Spots Deviation I'ndex 4 spots . Value

50.71 1.71- .65 50.45 . 1.86  50.73
.87 .02 - .54 .89 . 79 .74
8.02 .21 0 .95 . 2.07 7.86
.12 ..ol . .13 g 6.96 --
6.40 T ) .21 . 1,36 6.77
.11 01 - ) .07 . 487 -
16.60 .22 ) ) . 99 16.65
"15.73 .14 R .49 06 % 43 158
.23 .05 ) .20 ) .97 1.27
-- .- . .05 . 7.66 -

99.79 .65

1.84
.16
.183

'




v

‘In the following tables CIPW norms in weight percent, calculated
using the computer program of Irvine and Baragar {1971), are presented
for each table 6f whole rock analyses in the text. The norms were
calculated with the natural Fe+2/Fe+3 i

. APPENDIX 7

.

ratios.

CIPW Norms

FOR ROCKS OF THE TROCTOLITE SILL AND{CR]TICAL ZONE

(TABLE 5.1).

800D 80D 80D 800 80D 80D
133-2  133-4 133-5 157-1 168-1 181

.37 2 120 .19 19 .06
8. .92 .37 .80 77
50.31 49.80 71 .95 .6

- 11.57 .74 .68 .28

L

9

2 .96 .58 .90
8. . .24 .33

1. . . .77
3

1

. no
NP2 O~ 0O;

13. .87
40

.38

.32

.25

- .07

.18

’

Q=Quartz HE=Hedenbergite MT=Magnetite

OR=0rthoclase EN=Enstatite - IL=ITmenite

AB=Albite FS=Ferrosilite CR=Chromite
. AN=Anorthite FO=Forsterite AP=Apatite

DI=Diopside " FA=Fayalite PY=Pyrite

C mCorundum CC=Calcite




CIPW Norms
FOR GABBRO ANALYSES
(TABLE 5.2)

79D 79D -« 790 790 790 79D 79D 790
- 013-1 014-1 027-1 029-1 ' 143 144-1 144-2  148-1

- 1.34 1.27 .95
.36 .36 : . .95 .49
17.17  19.54 : : 11.08. "17.34
33.07  31.93 . .07  38.74 29.43
18.43 . 16.40 .87 24, 21.51 19.15
6.74  6.97 : : 6.00 8.65
9.24 10.53 : : 12.91 13.35
3.88 . 5.13 : : : 6.92
5.00 - g
231 -
4.90
.60 2.73
11 [03
.05 .16

-

790 79D
150-1 151

.28
.42
18.76
35.48
19.20
5.87
11.90
4..17
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~
o CIPW Norms . f
FOR DIABASE DYKES OF THE ANNIEOPSQUOTCH COMPLEX !
(TABLE 5.3)
. 790° 790 79D 790 790 79D 790 80D 800 800 80D
109-2  148-2 150-2 153-3 237 240 241 081 122 130-1 132-2 *
Q - - - - 1.68 2.1 " - 550 3.99°  1.74 .44
0R - .30 1.70 .60 .37 .36 .37 1.15 6] .54 .24 ,
A 20.59 14,69 16.48 1549 1566 31.90 21.88 22.49 . 113 19.56 11.22
AN 28.71 38.89 30.70 35.34 32,20 20.72 30.15 25.43 26.97 30.77 38.74
Dl 16.77  14.39 14.85 15.13, 13.56 12.16 6.75 12.13 11.83 18.70 17.82
HE 8.9% 5.16 4,86 4.36  7.60 5.74 5.44 8.30  9.08 6.90 6.00
EN 11.23  10.83 17.43 7.55 14,02 8.02 13.76 7.49  9.73 9.75 15.16
FS 6.86 4.45 6,54 2.5 9.01 4.3 12.71 5.88 8.5 4,13 5.85
/ fO .31 4,91 1.75 10,39 - - .56 - - - - N
FA .21 2.22 72 3.78 - - .57 - - - -
MT 3.00 2.55 2.87 . 2.7 3.40 0,63 3.23 6.39 4.64 4.74 2.74
IL 2.27 1.44  1.48 1.62 2,05 4.41 3.11 4,21 3.78 .56 1,12
CR .06 .08 .15 .15 .06 .03 .05 .03 .05 .04 .09
Ap .21 .07, .26 .14 .19 .45 .26 .45 .40 .23 .12
Py A2 .04 .21 .25 .21 .13 .09 .32 .35 .12 .23
N ' : )
800 80D 80D 80D 800 800 80D 800 810
v 193-1  193-2  193-3 °© 193-4 194 196-1 202-2 230 032-1 )
Q - .99 - - - - - - 71 o
ORr .18 .36 4 .36 .36 .25 .43 .24 .79 .60 )
AB 22.62 18.97 15.49 14.59 21.03 41.70 22.67 30.48 19.56
\ AN 26.87 29.25 33.23 36.93 33.10 20.81 27.78 23.04 31.84
DI 13.35 13.82 16.62 17.14 20.06 6.85 15.68 14.50 14.47
HE 8.40  9.30 7.93 6.21 5.5 3.62 9.02 7.40 %46.92
-EN 11.47 11.77 3.38 10.85  7.32 S.61 10.46 5.86 11.89
FS 8.27 9.08 .32 4.51  2.40 3.40 6.90 3.43  6.52 . .
FO 73 - 5 3.61 3,63 7.52 A4 4,76 -
FA .58 - . 1.65 1.32 5.02 .32 3.07 -
MT 3.6 3.02 .2.71 2.25  3.61 2.86 3.36 2.82  4.66
IL 2.86 z.zl 1.91 1,10 1.16 1.56 2.54 3.2t 2.52
N R 06 e .11 .11 .09 .08 .06 .05 .06
AP .22 .26 217 .09 17 .17 .26 .36 .23
PY .92 .42 .29 15 .13 .15 .28" .25 .02
* ‘ - \
\




394

, CIPW Norms \
“FOR DIABASE DYKES .OF_THE ANNIEOPSQUOTCH COMPLEX
(TABLE 5.3)

-

810D BINDR\? 81D 81D 81D 810 810 81D B1D 810
K]

. ‘ 033-2 . 033- 036-1 123-1 12a-1 128-] 129 136-1  136-3 137-1
Q 4.52 2.22 3:41 J32 2.58  4.31 3.90 2.92 3.29 22
* OR .48 .85 .54 .54 242 43 - .48 .89 1.58 .36

AB 18.08 19.24 16.37 25.89 20.70 19.09 20.70 - 18.75 §3.05 31.10
AN . 29.04 33.81 33.28 "25.08 31.64 28.56 29,94 29.47 31.84 26.79
D1 11.72 0,91 - 13,68 11.88 10.96 11.66 11.04 14.61 12.82 7.63

) HE 7.79 6.27 6.15 7.38 6.88° 8.04 7.40 6.20 5.59 3.24
EN 10.22 11.73 11.82 11.26 11.77 10.38 10.95 14.83 18.22 17.b6 .
FS 7.80 1.73 «6.09 8.02 8.48 8.21 -8.42, 7.22 9.41 8.30 \
FO o - - - Co- -

i 6.80 4.74 5.61 -4,70 3.52 5.43 4.12 3.24 2.43 3.4]
IL 3.29 2.53 2.69 3,20 2.3%4 3.3 2.56 1.1 . 1.19 1.55

CR .03 .05 .06 .05 .05 .03 - .03 .09 11 .08 ‘
AP .24 .19 .31 .31 .19 .26 A9, 23 .31 .14 \

PY . - .04 - .15 .25 .06 .06 .17 17 13

81D 810 81D 81D 810 . 81D " 81D 810 81D 81D
137-2  138-1, 138-2 140-2 140-3 141-1 141-2 144-3  144-4 145

Q .30 06 2,73 1.82 6.13- 445 2\ .58 - - - '
OR .48 .54 .42 .65 .54 54 48 .49 .49 .62 )
AB 19.03 12.81 19.05 16.16 20.59 18.14 14.81 24.36 23.41 30.01

AN 34.86 39.76 29.90 34.16 27.26 -28.83 34.69 .27.24 27.89 22.77
. DI 8.13 16.48 11,73 13,99 12.82 12.57 13.26 13.59 12.45 10.31
HE 4.57 515 7,64 7.5 6.43 7.84 6.36 6.85 7.64 7.21
EN  15.71  14.36 11.99 11.84 10.19 10.65 14.11 11.98 11.69 11.29
FS  10.11 514 8,95 7,33 5.8 7.61 7.7 6.93 8.23 9.06 . .
F0 - - - - - - 32 .22
. FA - - - - - - - - 25 .20
M 3.77 3.60 4.01 3.79 6.5 5.5 3.89 4.62 " 4.01 3.72
It 2.43  1.63 3.05 2.12 2.85 3.22 2.20 2.64 . 2.76 2.83

CR .08 .09 .05 .06 .03 .05 .08 .06 .05 .02
Ap .24 .09 .29 Y3 .26 .28 17 .18 .29 .24
PY | -06 .06 .21 .08 .27 .08 .08 .25 32 127
/ ) L
-’ 4 N
[ -
¢ v




CIPW Norms

FOR DIABASE DYKES FROM KING GEORGE IV LAKE AND SHANADITHIT BROOK

(TABLE 5.4)

. 80D 80D 81D 81D 81D 81D
252-1 252-2  210-1 210-3 195-2  195-3

7]

74 4.51 "~ -2.01 Sl

.66 .67 72 .72
10.35 18.16 16.27 13.71
39.26 29.92 33.26 36.86
15.82 9.35 12.39 8.84
6.07 5.80 ° 5.97 3.33
15.27 13.28 - 13.77 19.46
6.72 9.44 7.61

3.05 5.05 4.54
1.41 3.16 2.69
12 .08 . .06
.10 .24 .26
21 11 .23

81D - 81D  8ID
196-2  196-3  196-4

3.72 - .91
.71 61 /1.5
15.30  9.54 ' 16.46
31.27  39.40  32.45
17.18 13.63  13.84
7.45  4.62.  5.79
11.37  19.11 1405
5.65  7.44  6.74

4.40 3.30 4.96
2.27 1.60 2.61
.06 11 .06
.16 .12 .19
.23 .30 .27
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CIPW Norms

: . , . °
FOR OPHIOLITIC*INCLUSIONS IN BOOGIE LAKE INTRUSION
. ) . . ¢
(TABLE 5.5) .

81D ~ 81D 81D 81D 81D . 81D 81D 810D - 81D
007 010-3 011-1 012 015-1 015-2 018-1 019 042-2

Q. 3.06 2.1 2.00 1.85 3.02 - 1.86 - 9.35

v OR 1.26 42 1.28 .73 4.82 . 2.68 .90 .55 2.62
AB 18.91% 18.74 20.02 13.85 25.86 11.32 16.36 17.51 29.61
AN 30.93 30.52  28.88 35.00 29.19 38.98 3%.92 33.92 26.52

- DI 10,88 13.73 12.08 15.11 —7.59 13.17. 11.94 9.62 3.09
“HE 5.96 7.98 7.01 6.61 . 2.5 .5.05 6.81 3.64 1.97
EN 12.01 .11.22 13.05..13.51 12.62 15.24 13.40 16.63 9.%9

FS -7.55 7.48 8.68 6.78 - 4.89 6.71 8.77 7.22 7.01

) - s 1.58 - 1.66 -
FA - - - - - g7 - 19 . -
MT 5,25 4.37  3.62 3.61 4.90 2.77  3.10 4,37 4.72
IL 3.03 2.85 2.68 2.22 3.43  1.60 2.46 3.32 4.03
CR .03 .04 .08 .09 .03 . .08 .06 .09 02
AP .33 .30 2417 .80 .07 19 .53 .84
PY .10 .25 17 .25 .29 - - .15 17

J
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CIPW Norms ) ) .
FOR PILLOW LAVA OF THE ANNIEQPSQUQOTCH COMPLE)Q)AND KING GEORGE 1V LAKE
(TABLE 5.6)
1
— 810D 810 81D 81D 80D 80D 80D 80D
- 132-2 132-3 133-1 .133-2 196-2 197-3 199 231
Q © .38 - .65 - - - 5,06 . -
OR .48 .37 . .54 .43 .31 .25 .31 42
- AB 39.62 38.90 24,19 35.81 30.96 36.16 42.95 M
AN 16.80 22.80 32.87 21.09 28.21 22.80 16,36 19.91
DI 14.11 .99 7.33 4.95 5.99 3.41 ' 5.81 16.24
HE 6.08 .47 4.23 2.50 2.42 2.48 2.85 6.85
EN 11.94. 13.43 14 .56 13.85 14.94 12.52 11.34. 7.58
FS 5.90 7.39 9.65 8.01 6.91 10.46 6.39 3.66
“FO - 3.62 - 4.63 1.87 1.69 - 2.08
FA - 2.19. - 2.95 .96 1.55 - 1.11
MT .2.23 6.14 3.05 -2.96 3.09 4.60 3.06 4.02
IL 2.13 3.27 2.35 . 2.00 2.20 3.31 3.27 2.18 .
CR .08 - .03 .06 .06 .06. .03 102 .05
AP .19 .34 .21 .19 .24 .36 .41 33
py .06 », 06 .08 06 1.12 .39 2.20 .06
81D - 81Q 81D 81D 81D 81D
208-1 208-2 208-3 208-4 208-5 209-2
Q .65 ,4.63 - 4.19 .13 4.99
OR - .61 .67 . 5,91 .68 2.73 4.99
AB 35.57 39.43 31.05 19.39 27.80 27.00
AN 21.68 19.16 20.08 32.29 26.19 22.7%
o) 6.74 5.59 41 11.10 9.11 »9.99
HE 3.35. 2.08 .08 4.66 .4.81 4.74
EN 13.48 10.43 .02 11.07 14.01 11.45
FS - 7.69 4.44 4,35 -5.32 8.48 6.23
FO - - 4.55 - - -
FA ‘- - 3.10 .= - -
MT 6.38 9.05 5.53 6.60 3.54 3.55
IL 3.04 . 3.5 3.20 3.38 2.42 2.01
CR .06 .03 .05 .03 .08 .06
AP .31 .34 .28 .36 .26 .19
PY .23 .15 17 .21 .21 .13
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CIPW Norms
FOR TRONDHJEMITE AND DIORITE OF THE ANNTEOPSQUOTCH AND BAY OF ISLANDS COMPLE

(TARre 5.7/ | '

-

: | =
79D 79D son 80D 80D 80D
163-2 250 222 223-1 223-2 . 257

Q 38.47 2.39  1.90 22.77° 2.30  36.93
R 3.83 42 4.83  1.03  1.08 .66 N
AB 35.09 32.53 39.25 36.28 19.78  56.40

AN 17.01 55.97 39.79 25.65 31.96 - . 2.19

DI .25  6.63 2,72 2.6 14.36 -

HE - .12 .42 2] 154 713 -

EN : 2.03 - 5.12  3.66 10.38 .33

FS : 1.14 - .58  2.85  5.91 21

) FO - - - a - - - -

FA - - - - - -

MT 1.29 35 3.04 2,13 4.47 1.99

L S, .79 1,72 122 2.22 .29

CR .02 .02 .02 .02 .03 .02

AP : 21 - .28 .54 .26 .21 .09

PY _ 02 - - 11 .17 .06

Corundum ,84

o




CIPW Norms

FOR MAFIC VOLCANIC ROCKS OF THE VICTORIA LAKE GROUP

(TABLE 7.1)

810 81D 810 - 81D 81D
017-1 043-1 046-1 047 051-2

4.91 -= - 1.41
-- -- 3.58
1.27 .84 . . 1.98
35.51 .59 . 63.65
23.82 . 7.93
3.76 . .90~ . --
3.86 . . . --
5.62 . . . 9.32
6.62 .

6.23
5.35
.02
2.78
.25

81D 81D
063-1  063-2

-- .78
-- .59
1.27  5.25
39.93  38.44
10.62  16.80
33 . e
07 -
.56 13.94
09 9.41
475 --
g6 --
18 5.24
.20 3.1
.03 .03
26 .81
08— 11
.90 5.87
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CIPW Norms
ROR MAFIC VOLCANIC ROCKS OF THE VICTORIA LAKE GROUP
\ (TABLE 7.1)

81D 81D 81D 810 . .810 810 81D 80D
186-1 186-3 188-1 295-1 - 295-2 298 . 299-3 246

Q -7 .24 -~ 3.0 1.90 1.1l 4.12  3.13
c -- -- - e - - .27 -
0R 1.70 1.34 .92 .67 61 - 2.61 .50 .73
AB 34.63 38.41  32.28 20.84 20.12 24.28 19.50 37.37
AN 24.62 24.56  26.03 25.58 26.54 30.00 42,43 16.53
DT 11.12 5.71  .6.78 11.23 11.07  7.99 -- 9.41
HE 4.32  2.49 3.47 6.97 8.32  4.58 -~ .95
EN 8.89 12.13 8.40 11.76 11.65 14,21 17.61 11.22
: . Fs 3.96 6.06 4.93 8.38 10.04 9.3  1.66  6.77
FO 78 -- 6.13 - -- - -- -- --
FA 39 -- 3.96  --  -- — - -- .
MT 5.53  4.76 3.08 5.55 4.05 3.54 6.15  4.08
IL 2.78 2.88 270 4.03 4.04 1.01 1.57 2.99
CR .08 .08 .08 .03 .03 .05 .09 .03
AP 310 .26 26 .36 .41 24100 .29
PY © 21 .15 .30 .17 .28 13 M1l 2,13 .
cc 70 .94 .70 .93 .94 ,93. . 5.96 .23
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CIPN Norms : v
) FOR MAFIC DYKES AND SILLS OF THE VICTORIA LAKE GRQUP
(W (TABLE 7.2)
, o '
81D 81D 81D 81D 81D ! 810 - 81D
- ‘ 013-2 054-2 D070-1 070-2 070-3 (Q70-4 074
Q° 2.14 9.15 .12 4.55 1.14 2.65 2.00
C -- 4 .64 - -- -- - --
OR N .92 6.28 7.64 2.66 - 3.35 1.36  2.52
- ’ AB 14.06 47.08 20.99 22,51 29.66 26.47 25.50
) AN - 39.98 - 22.56 34.19 23.38 27.39 28.03°
D1 3.52 —-- 11.79 8.51 6.79 7.41 11.38
. HE 1.31 -- 6.35 2.82 3.98° 3.63 4.21
EN . 20.38. 7.00 9.6b 9.89 11.85 12.93° 10.43
-~ FS 8.68 - "5.96 3.77 7.95 7.27 4.43. .
FO -- - -- -- - - -
FA - -- - .- -- -- -
- MT. 2.55 17.05 8.34 6.35 5.34 6.36 7.29 ‘
IL .60 4.40 5.70 2.97 3.54 3.72  3.32
CR .08 .02 .03 .03 .03 .02 .03
AP 41 .81 .55 .45 .43 .46 .41
PY .32 .- .09 .15 .21 1 .21 .
o 3.07 2.34 .24 1.16 2.35 .24 .24
81D 810 81D 81D 810 - 81D
075 1 086-3 091- 094-3 099 102-2
. Q . 1. 84 8.74 Y -- 11,71 16.93
C - © 9,88 == - 3.13 3,95 1.23
0R ‘ 4.90  5.85 7.61 37.44 1.67 .56
AB . 29,40 40.53 27.00 1.74 28,35 -
. AN 23.51 4.80 22.064 14.85 16.78 37.89
L] 6.44 - - 10.40 -- .- --
HE 3¢84 -- 6.18 -- -- .- . .
EN 10.40 12.27 8,46 12.74 13.40 18.21 | ‘ o N
FS 7.12 .10.16 5.76 5.50 7.32 7.49 : B
“ FO -- -~ 6.48 - -
FA -- - -- 3.08 -- -
MT 7.54 - 3.96 6.51 2.62 7.48 8.76
IL ' 3.98 : 1 74 4.24 .94  3.88- 4.58
CR. .02 +.03 .03 . .15 .03 .05
AP .55 .24 .65 .07 .53 .83 -
PY .23 .06 Al -- .13 .11
cC . -.23 " 1.66 .47 11.25 . 4.76 1 3.36
s




CIPW Norms

F@NTERMEDIATE‘ AND FELSIC ROCKS OF THE VICTORIA LAKE GRQUP

810
060-1

81D

- (60-2

810
076

V(T

81D
086-2

ABLE 7.3)

810
064

81D
066

810
067

- 81D
072-1

810
073

.76
.05
.51
.30
.08
43
.89
.57
.56
.13
.02
.29
19
.2

810
081-2

“9.36
7.10
4.19

32.21

10.23

16.15

13.77

4.39

810
081-3

5,25
1.86
21.56
49.96
°8.50
a.54
3.18

3.04
.99
.02
.61
.04
46

810
086-4

17.82
6.68
1.51

1 50.98

11.34

7.76

4,86

3.76.

1.59

.38
06
3,25

81D

088-1

5.94
4.27
18.58
56.78
1.66
4.46
6.27

.24
.95
.47
A7
.23

810
090

.35
.63
.42
.02
.14

.
.22
2.2
.92
.47
.10
1.84

.81D
094-1

25.09

3.73
51.71
12.03

q4.33

.03

1.65
.81
.02
.38
.04

3.23

81D

094-2-

5.97
3.43
27 .55
46.20
1.85
4.08
1.63

2.26
1.27

- .02
.91
1.80
3.05

810
100

5.71
3.65
37.86
38.38
3.86
2.96

2.79
.92
.02
.61
.04

3.21

81D
109

810
110

13.46
2.48
26.95
47.65
- 1.70
1.55
1.40

L
.92
.97
.02
.33
.29
2.29

25.79

2.26
37.59
24.75

1.83

1.61
1.53

17.68
6.58
1.93

. 51.65
.89

- 7.83
4.95

3.5

53.39

2.15

2.08
36.57
1.39
1.60
1.30

.88
.29
.02
.02
.08

.23

14.97
1.61

26.147
43.83
5.30
2.13
.73

2.11
1.02
.02
.47
.29
1.39

s

16.82
.78
62.60
6.03
5.3
1.88
1.55
2.11
.99
.02
A5
.08
1.39

11.73
1.70
10.48
59.96
4.73
1.72
2.81

2.10
1.04
.47
.04
3.22

6.28
1.64
18.07
63.13
1.99
1.13

3.87
1.09
.02
.54
.04
1.83

4.89
4.60
37.52
34.40
.66
3.87
2.13

5.73
1.18
.78
.08
4.16

14.16
5.54
36.00
33.41
2.13
1.00

3.02
1.10
.02
.58
.04
2.99
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3000 Feet
1.0 Kilometres

STATION NUMBERS

8D202 = 1978 DUNNING ¥202
Bk 1979 o
1 =198 T = THOMPSON

© = .inter- station data point
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