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ABSTRACT

[

 This thesis examines the petrology and geochemistry af

Cambrian volcanie rocks from the Avalon Peninsula
(Newfounalandj and southern New Brunswick as weil‘ as
Siiurian sills and Devonian (?7) dikes from .the Avalon

«

Peninsula. The geochemistry of these rocks provides new

inforgation on Early Paleozolic tektonism affecting Avalonian
terrane in eastern North America. The effects of 1low grade
metamorphism dJn the priﬁéry geochemistry of each rock group

~are also discussed. ) L.

¢

Middle Cambrian basalts on Cape St. Mary's (Avalon
’ : t . . .
Peninsula) were qffec;éd by two phaseszbf alteration that

resulted 'in the formation of chlorite -and carbonate.. The

effects of the chlorite formation on element concentrations’
resemble those observed for. basal;/seawgter interaction,
whereas - the effects of carbonate addition are similar to

those produced in;high COy systeﬁs. Basalts in chg- Beaver

“ Harbour . area of New Brunswick show similar \tqo-phaée

<’

alteration, but phosphorous aqdvyttriqm were added during
the carbonate addition phase suggesting that there were.
. .

. differences in .the metasomatic solutions between (the two
. _ 2 N

areas.
'Silurian - 'sills on Cape St. Mary's shov primary,

~

textural, mineralogical and bulk-rock. geochemical

characteristics indicative 6f high wvolatile ‘contents.

A

Thermogravitative processes probably dinvolving " volatile

—




- ) iid

“complexing of some elements caused entrichment of these

elements in the upper pé;tions of t%e sills, or reﬁgval from
the sill syé;em as. a whole. The parental sill maémé vas
6 .. . . .
'gedthemically\ somewhat ev&lvé{, tholeigﬁ}q,_lgng;%plosely
re;embl;d coh;ositioné observeé_;;—’;;ood'~basalir and‘\{ifb
P P £

provinces. €

.

Jikes.ln the Cape St. Mary's study area show a range of

bulk. rock compositions representative of at least two

batches of ; magma that underwent varying degrees of

evolution. Some of t“é' rdckp appear to have alkaline

.

characteristics ;hereqs otheﬁé have tholeiitic attrihﬁtes,
Bué all_'ueré proﬁably‘prdﬂuced in a tensional effvironment.
These rocks resemble Devonjan dikes around onavist; Bay and
could be time equivaleat. . . A .

<y

The Cape St. Mary's Cambrian basalts anad fh€1r~~feeder_

’

plpes display (primary) - uhblg-rock and mineralogical
comﬁositions;{;i}esentative of tfevolved alkali basalts. Lower

to Middle Cambdfian volcanlc rocks in New lBrunsﬁick form a

. i . ] N _
bimodal suite, the basaltic portion of which shows

Y

compositions,;anging from relatively -unevolvéd tb hiéhly\

evolved tholeiites. ® p

A review of information on the Prec ambrian
stratigraphy, Cambrian lithologies, fauns, st:a;fgraphy, and

palebmagnetism in the Acado-Baltic provincé shows that most

of western Europe and eastern North -America probably formed

a large continental’blpc& that remained at lower . latitudes
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throughout the Cambrian. The ql:ldal nature of the volecanic

-

rocks over ‘this terrané/!long with <their relatively "small

volume indicateg _they formed in a continental rifting

'enviro?ﬁentl Basaltic rocks in southern New Brpnswick, Cape

v

Breton, ”Norw&y. Poland, and on the Avalon Peninsula show

compositiords consistent with this 1n}erpretation, The small

volume of the volc&nic rocks and platformal character of the

associated ,sedimentary rocks Suggeqfkg nhaﬁ the area

experienced relativély stable tectonic “conditions during the
. > .

Cambrian with small amounts of extension  causing Fhé
rift-type yolcanism. The.;enéion affected a broad area and
resulted  1in a numbef'of narrow bas#ns bu}~few rif; valkgya.
Volcanism ﬁa&'much dore common during the Early and Hlddle
Camﬂfi;n than du;ing the Late Qambrian»suggesting that Ehe
tensiongl‘ tecépnic regime may hive- waqu Ln» tHe Late
Cambrianl in ditecﬁlor indirec; respons;'to processes, uhich
led‘ to (Ordovicié;)' closing of the &.ape;:us Ccean.S1ills gnd dikes on
Caée St. Mary's provide 1local evid;nce that “the stable

tectonic conditions with small-scale tension persisted

throughout the Early Paleozolic.

¢ . . 4
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CHAPTER -1, INTRODUCTION

1.1 GENERAL STATEMENT

-

Perhaps some " indication of the importance of. the
- - -

Cambrian to the development of the sclence of geolpgy ig
-glven- by - the observation that earlier' time periods,

tep?esenting 90 percént of eartﬁ histbry; are summarily
referred to as pre—bambéian. “Why is the Cambrian period
looked on as being so 1ﬁgortant?»fhere was a proliferation
of life forms, such that nequy all of the ™ phyla
’fépresenﬁing present day life appeared . vduring this time.

" The readgon (reasons) for this diversificatfion remains one qf

the greatest enigmas of modern secience.

The Cambrian System wag ﬁamed by Sedgewick in 1835,
after the Principality 1in wale;, and applied to rocks 1in
this area (Rushton, 1974). Correlatives of these rocks in”°
eastern North America and western furope have played an
important role iﬁ the formulation of plate tectonic theory,
which has revolutionized the science. Wilson (1966) in his
classic paper "Dia the Atlantic <LClose and Then Re-Qpen?”
used the differences between thé Acado—Baltic'fagna of rocks
in eastern-most North America (and western E:répe), and the
fauna of Cambrian rocks on the Norih‘ American crafon to

“

argue for the - éedgrabhic separation +of these areas by a

ma jor ocean dﬁring the Cambrian. It is rather {ironic that
the Lower aleozoic rocks of ealternmost qutthmetica,

which were so important to changing the way we think about

A




. " . 2
orogeneslis, remain among the least understood rocks in the

Appalachian Orogen (Williams and Hatcher, 1982).0

1.2 PROBLEM AND SCOPE

There are several aspecfbk to the study whicﬁ are
outlined in this section. In its initial stages tg; project
Vcalled for a detailed examination of Lower Paleozolc rocks
_of the Avalon Zone (as defined by Williams, 1978a, 1978b):1n‘ 
ﬁewEOQndlaﬁd, Hifh emphasfs to be placed on the igneous
rocks? As thé project developed; Cambrian volcanic rocks
'{rém the Av#loh Zone in southern N;y Brunswick were also

studied 'and they allow comparison with the Avalon Peninsula

rocks and give the project more regional significance.

Cambrian 8hales and siltstones together with coarser
grained Lower Ordovician siliciclastics are volumetrically

the most iwmportant Lower Paleozoic rocks on the Avalon

%

Peninsula. Igneous rocks consist:of minor Cambrian basaltic
‘flous ‘and volcaniclastic rocks (lapilli and ash fall tuffs)
as well as "plugs;, sills, and dikes which at 'the time of
ptoject initiation wvere of wuncertain age. Apart from
regional wmapping, thesé igneous rocks had never been
étudied, and this project was undertaken to rectify this
situation. As on the,&yalon Peninsula ‘in Newfoundland, Lower
to Midle Cambrian mafic flows and pyroclastic.rocks as w%ll
as s8llicic pyroclastic rocksﬂmake up only a small proportion
-

of the shale and siltstone dominated Cambridn stratligraphy

in southern New Brunswick. These rocks dre also examined 1in

-




detail in this thesis. ;

(4

By studying the petrology and geochemistry of the
Avalon Zone volcanic racks, and giving the -gtratigraphy a
fresh examination 1in the light of recent'tectbnic ideas,

this report c;sts new light on the gectonics of this area
pa;tigularly during the  Cambrian. Reglional models for
Cambrian volcanism and tectoniém are éeveloped by reviewing
the distribution and’ characteristics of Cambrf;nwvoicanic
rocks fgom other areas 1in western Europe and eastern N;rch

America which probably formed part of the same continental

block during the Cambdrian. .

An important problem encountered in trying to evaluate
the primary geochemidal characteria;ics of the volcanic rocks
1s that they are all mineralogically altered to varying

degrees. In cases where this alteration had an important

effect on the primary geochemical characteristics of the

rocks a detalled analysis of ‘the resulting geochemical -

batterns 1s presented:

The following paragraph gives an outline of the thesis

format. Sections 1.3 and 1.4 of .thig chapter review
Cambrian paleogeography and volcanism and help estabiish the
(Cambrian) geographic relationéhip between the southern (Nbu
Brunswick and Avalon Peninsula rocks and their time

equivalents In western Europe and eastern North America. The

8

review of Cambrian volcanism 1is not exhaustive but

3

comprehens ive enougH to. -~egstablish the general

1

T
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characteristics of the volcanism. In Chapter 2 the general

geology and geologic setting of the volcanic rocks in the

two -primary studanréés (ie. Avalon Peninsula and southern

New Brunswick) are discuseed. Chapter 3 provides details on

the petrography of these volcanic " rocks " and also briefly
reviews the petrography of Cambrian volcanic rocks fromJCape
Breton Island, Nova Scotia, which were geochemically
examined . by Cameron (1980). The latter rocks are discussed
becayse new data are presented, in the following chaptgtq on

their pyroxene compositions. Mineral and whole-rock

geochemical data (major, trace, and rare earth element

analyses) for the volcdnic rocks from the Avalon Peninsula

and, southern New Brunswick are discussed in Chapter 4. For
comparative purposes, published geochemical information on

the composition of Cambrian basalts from Poland, Norway, and

Cape Breton (Néva Scotia) are reviewed at the end of”Chapter»

4. The data presented {'n Chaﬁters 1 through 4 are integratéd

and analyzed in Chapter ' 5 'so as to develop models for

.

volcanism and tectonism in the Acado-Baltic provihcé'dqring

..

the Cambrian. ’ r P

. v
1.3 PALEOGEOGRAPHY

Scattered remnants of Cambrian stratigraphy around the
North Atlantic (Figure 1.1) show similar lithologles,

qequénceg“ of litholpgies,- underlying Precambrian

stratigraphy, and faunas belongiﬂ& to the Acado-Baltic

faunal province: The similafities support the idea that all

1




gedimentary rocks. Loca'k¥ities examined in the thesis are
numbered as follows: 1 soutfiern Appalachians, .2 New England,"‘.‘fb
3 southern New Brunswick, % Antigonish Highlands, Nova
Scotia, 5 Cape Breton, Nova Scotia, 6 Avaloanen}Jsula,
Newfoundland, 7 southern British Isles, 8 central Norway, 9
Poland, 10 CzecRoslovakia, 11 central France,~12 southern
France, 13 northern Spainy 14 Portugal, 15 southern S§pain,
16 Haut Atlas, Morocco, 17 Anti Atlas, Morocco. Cambrian
volcanic rocks can bé found within all of chle abover areas_
except New England. Note that Morocco and the séuthern
Appalachians are given only cursory treatment in the thesid"

Figure 1.1 DistributLj§ of terrane bearing Acado-Baltiec

for reasons given in the text. For illustrative purposes the
map uses the Triassic paléogeographic reconstruction of
Bullard et al. (1965). oo
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of these areas formed parts of a single continental block
during the Cambrfian. The following discussion reviews the

information supporting this hypdthesis;
]

‘Various papers have shown that the stratigraphy
&
underlying the Acado-Balti¢ sequences 1is 1In most  cases

sim‘ilar,.imply‘ing thé}t: the$ were 'together prior to the
Ca‘mbrian..' For example, Schenk | (1971) ~ reviewed the
'I’roter()zo-ic rocks of. eastern Canada and northwestern Africa,
Ra's-t et al. (1976;_) col:'pared those of‘ eastern Canada,
"Britain, and Frx_a_pce,‘ Strong. (1979) integrated information
from.. the : Ibérian _Peninsul_a, Zc‘)ubek (1977) correla'ted‘ the
BoheAr,.n.i\an Massif w_ith.‘ the Armori_c.,ari. Massif, and vd/z"ious

authors have correlated eastern Newfoundland (Avalon Zone)

A H -~
%

with the eastern United States (eg. -Williams, 1978a;. Kaye
and Zértman," 1980; 0'Brien and -King, 1982). The only area

which seems to show a substantially _di’fferent Precambrian

1

history 1s Norwdy, where Grenville age basement 1s overlain
. - ! - -

by a thick eclastic succession (Berthelsen, 1980)." In summary

I

it appears all of the aréas studied here, with the exception

of the Baltic.Shield,:had common Late Précambrian histories.

Generalized sections porttraying the typical

Fl

.

characteristics of Cambrian. stra'tig‘raphy at various
- - . - |

"localities are portrayed in Figure 1.2. These sections show
) \ . . . * ~ B . .
that the Acado—Baltic ©province can be divided into two

-~ .

portions: north agd south. Sections from - the north (New

. ; . : - v
Brunswick, Cape Breton, Newfoundland, Norway, England and

~




Figure 1.2 Generalized Cambrian stratigraphic sections for
areas with Acado-Baltic stratigraphy\jin eastern . North
America .and.western Europe. The section il’lu’sttjacé' some of
the more important characteristics of the Cambrian
stratigraphy in each area. The location of volcanic rocks in
the stratigraphy 1s dlagramatic 1in that their thicknesses
v .

are not shown :and the volcanic rocks need not {(and 1in most
cases do not) occur at all localities (ie. outcrops) within’
a particular area. Sources for theé sections are -as follows:
New Brunswvick (southern), . Hayes and Howell (1937); Cape
Breton, Hutchinson (1952); Newfoundland (Avalon Peninsulka),

McCartney (1967}, and Fletcher (1972); Norway, Henningsmoen
(1956), and Banks ‘et al. (1971), Dypvik (1977); Poland,
Samsonpwicz A (1956); England, Rushton (1974); France, Geze
(1956); S. Spain, Teixeir®” (1978), ‘Dupo'nt and Vegas (1978).
Sources for information on the volcanic rocks are given in
Table 1.1. o -
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Poland) are characterized by a basal ‘cénglomerate or
quartzite\which unconformably overlir:as the La'vte Pre-cambrian._
The Lower Cambrian usually consists of red or grey" Qhaleq,
and ‘the Middle and Upper ‘Camb;'ian of monotonous grey and

black shalesv. With the excepfion of the Polish section,
[ 8 { .
sandstones are of minor importdnce, as are carbonates. The

total thicknesas of the' sections‘ 13 usually less "“than 1000
meters. Thesg localities usually show u.néonformities in the
stratigraphy, or ' faunal breaks l'(at_)rupt changes 1in the
fauna), at the end of the zower', Middle and Upper Cambrian

(Henningsmoen, 1969).

!

Some 11‘tholo‘gi;es such as the ‘'distinctive pink élgal

limestone referred to 1in Newfoundland as the Smith Point

-

Formation are wide spread. Chemicall‘y precipi_tated manganese‘
beds rc;_quiring bunus"ual andv specific pby-sical - chemical
"conditi'ons of formation .occur in‘ Newfoundland and Wales
(Douglas, 1981) and were identified during the'\ course of

"this study 1in New Brunswick. Nodules of black, bituminous
- - L4
limestone occur within the Upper Cambrian Bhales -at . nearly

4
A

“in  the VNorth Atlantic

all of the Cambrian localities
: . ' A\

’

(Henningsmoen, 1969)w " 1In summary,\\ ‘these similaricies
necessitate very. similar depositional, iimatic, and
tectonic environments controlling thelir formation and

strongly suggest <close geographic ties between these areas

during the Cambrian.

Stratigraphic sections from the southern portion‘&"f the

[




. _ ' 11

Acado-Baltic province (France and Spain, Figure 1.2),

“usually show-relatively thick carbonate sequences. The Lower

Cambfian is 1n some cases conformable with the Late
Precambrian, commonly arenaceous at the base, and carbonate
rich above. Unlike "in the northern areas, where red

coloration of.'the Lowér Cambrian rocks 1is the ﬁorm, these
rocks fend to‘be green or grey in cglot. The Middle Cambrian
is also typified by an abundance of cdrbonates andﬁthe Upper
Cambrian is either missing or pootly developed at most
localities. Despite the peqr development of the Upper
Cambrian,_thgse'atea{ tend to display totgl str;tigiaphic

thicknesses of at least a thousand meters, though there are

exceptlions such as in southern Spain: .

’ : N .
The lithologic amd stratigraphic differences between
the northern and southern portions of the Acado-Baltic

prdbiqce poula-have important paleogeographlic iﬁplicatfons;

that 1is fhey could indicate - the presence of sepaijte

]

continental blocks duffng the Cambrian. Brasier (1980)
outlined facies models and successions for the Avalon,

.

Baltic, Armorican, and southern Europe platforms and. suggested

that most of thé sedimentation in these sequences took place
on ocean-facing shelves wi;hfcarbondte barriers (algo see
Dore _1977). prege-nt on the southern Europe pl..atform. He suggested
the presence of phosphatic sediments, "glauconite, pyrite,
"hematite, Mn oxides and carbonatéq, red shales, bituminous

shales, and nodular wackestone blomicrites”™, especially in

the Avalon and Balt?p areas, .indicates very low or negative

a
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sédimentatlon rates. These rocks apparently reserble
sediments on the shelves-of' SW Africa, Peru, and 3Chile;
which are closéto Emaoxygen minimum, and associated Qi;h
.intense upwelling of cold water and phytoplankton blooms .
Brasier (1980) proposed that rifting during the early
Cambrjan may have created a narrow ‘sea way which enhanced
the upwelling "of wate;. Onshore fiow-of_these currents,
especially in the Avalon and Baltic areas, may have checked
the- formation of carbonates and impeded sedimentation.vln.
summary. the differences between the not;herp_ and so;thern
portibgs 6f the A;gdo;Baltic province may be related to

!

differencgs'in paleoenvironmental conditions as opposed to

the presence of separate continental blocks.

Cona;ison ‘of Cambrian tfilbbite faunags at _ the generic
‘level from around the "globe revéals tﬂat there are four main
faunal - provinces; European .(Acado-Baltic), Ameriéan,
Siberian, and Chi;ese (eg. Palmef, 1972; .Burrett and
Richardson, 1980).& These studlies assume that, for béhthoﬁic.
faunas,_similarlty betfween faunas indicates ;he,lack of any-
_ocean ba;riet between them (Hughes, 1981)._ All of the
localities studied here, on both sidég of the Aiiantiq, show

a fauna belonging to the Acado-Baltic province (cf. _ Palnmer,

- ;

1971, 1972, 1977; Henningsmoen, 1969;fHa11am, 19,72; Burrett ,

‘and Richardson, 1980).

. ~

_ThévEufopéén'fauual province "has Dbeen ‘divided 1into

northern and: southern portions (eg. Phlmer;v1977; Burrett
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and Richardson, 1980) which correspond with the 11thologiq§1

. . . . . /
subdivision discussed above. Recent work by Skehan et /al.:
(1977, 1978, 1981) shows that this diviston 1is ,/aiso

applicable tb the Appalachian orogena\ Burrqét and

Richardson (1980), proposed that’ the lower diversity of

" faunas and rarity of <carbonates In the noryhérn area,

compared with the southern area, 1indicates fotmgéion of the
former at higher latitudes and under céolerléonditions. If
80 the faunal and lithological differences /ﬁay be due " to

climatic (water tempera?ure) and s;ﬁimentary facies,
N ; i . / ., N . .

variations. However, they proposed the exlstence of a small,

. : . o :

mid-European ocean, " that ,soméwhatJ/'restricted <-fadnal_
exdﬁnge ] within the btov;;ge..(ﬂ;causaa of the complex

intetplay of environmental 'factérﬁé it is difficult ‘to
determine how. different .tﬁbr a;éaé 'muét be'(fau;ally) in

- ’ »

order to justify the assumpgionvéf iéolatiqn (Hughes, 1981).

£ . al ;. - f A

The numerous world piréogeogfaph1C» reconstructionsg

Co . : ' L/ . T . s
based on paleomagnetism .(eg. .Ziegler et al., 1977, 1979;

/

‘Kanasewich,‘1978; Scotésefet al., 1979; Mgrel and «Irvfng,

1978; Smfth et al:, f989ﬂand geViewéd_by Zizgle¥, 1981; also
see ’'Johnson andl.Va7//der qu,fi983) sugg§8t'thaﬁ’béth the
northern and gouther /partions oé the Acado—Balgicf pro?iqce
dfcugied low to middle 1§hitud;s dh;ing khe Cambrian (Fggure
123). App;rent'pqiﬁr wander cﬁrves‘indifate‘the not{hern-an&~
soﬁtherﬁ' pdrti ns of the‘proviﬁte moved tqgether dhring thg
Cambriip k?an/ﬁer Vop‘et al;,,19805 This infofm?tion favours

a climatic origin for the-differences in lithology and. fauna
/ B . B .
' / oo : - :




Figure 1.3 ‘faleogéographic reconstruction of- . the Acado- -

Baltic province during the Early Cambrian also showing the
types and distribution af ‘volecanic. rocks. The latitude
lines are those suggested by Smith et al. (1980, p-. 94) for
the- Early Cambrian ¢f Europe and are based on a review of
paleomagnetic data. The rocks in eastery North America have
‘been , moved north relative to, the Smith et al. (1980)
geconstruction in order to bring the Avalon Peninsula, Nova
Scotia and New Brunswick closer:-to the -British.Isles which
they resemble lithologically.- The reconstruction leaves more
southerly localities in the Appalachians (eg. Rhode Island),
which appear to. belong to the southerd portiom of the
Acado-Baltic province (Skehan et al., 1977, 1978), adjacent
to Spain and France. The Acado-Baltic area may have been
subjected to considerable internal deformation during the
Early Paleozoic, such’ .that the present relationship of

”

various .lbcqlfties 1s now contorted (Van der Voo et al.,

- 1980).- :







*

& 16
L -

rather than a mid-European ocean. For example, the southérn
portion of the Acado-Baltic province may "have been ocean
facing, and exposed to ocean currents whereas the northern

areas may represent restricted, euxinic 1inland basins or

areas which experienced Hﬁbwelling of <cold  ,02-deplected

currénts as proposed by Brasier (1980). This' hypothesis

v

gseens ”prefetable " to suggesting the presence of a small sea
’ ‘

as vestiges of such an gcean have not been found.

I d
/ t

1.4 DISTRIBUfION OF CAMBRIAN VOLCANIC ROCKS

As a generalizatioﬁ, volcanic rocks are not &ery common
within Acado-Baltic Cambrian * stratig;abhy. ‘ Using the
southern New Brunswick area as an example, most ou{groﬁs of
Cambrian rocks occur in the St. John area but only in .the
the areal smaller Long Reach and Beaver ﬁarbour areas are,
'volcanib rocks found as thin units -at particular outcroés
(see southern New Brunswick volcanic rocks, Chapter 2).
Despite the fact  that ;olcgn}c rock;. are volumetrically
unihéor;ant within the. Cambrian sttatigtaphy, they can be

found at particular outcrops within Jjust about all of the

broad aréas studied in this report (Table 1l.1).

o~

Most areas show a bimodal distrib®tion of .rock types.
In the northern Bortion of the Acado-Baltic province basalts
tend to predom;nate !over fel;ic rocks, where a bimodal
distrib;tion is }hown; whereasiin the southerp portion tﬁe
felsic rocks tend to be more 'important. ~The avallable

information (ie. New Brumswick, Nova Scotia, Czeéhoslovakia,




" Table 1.1. Summarv of the characteristics of Cambrian volcanic rocks.

-

N Distrib. Domin=~ Chem. Propor. Geon- Assoc.
Location ai Rock ant Affinic- of Flows to raphiv Tecton-
Tvpes Rock fes . Volvani=- ) Distris
Types . - elastic bution”
N Rocks

Beaver Unimodal Evalved Tholeiitic Equal Local : Middle
Harbour,N.B. Basalt ' 2 . .+ Camorian

Long Rimodal Basalt Tholeiitic Fiows W . ‘Easins focamhrian
Reach,N.B. ' redonindte h Formed to Lower

. . Cambrian

.
Cape Basalt Tholeiitic Flows 00 M Basins Middle
Breton,N.S. Predominate Yormed Cambrian Q

Avalon Unimodal Basalt Alkalic Fqua!l PR Hasins Middle

Pen. | . : 200 0N toarmed Cormbrian

Britain Bimodal Basalts ? Mostly R 1200 M~ L ! Lower and
Volcani- Middtlc
clastic Rks. T cambrian

. Norway Unimodal.  Basalts Alkalic and Most . v s Logal Fauiting Coambrian
' Tholeirtic Flows ‘§U M N . r. vamprian

N & NF . Bimodal Basalts K Ylows . 100 M Local ! Eovasbrian
Poland Predominate Lr. Carbrian
’ & . oper
Cambrian

Bimodal Basalts Alkalic and FloUs g to Late stauce Lpper
Subalkaline Predominate 2000 M folding Cambrian




Table 1.1 (Cont'd.)

Discrib. Chem.. Propor. Ceog- ASsoC.
Location of Rock Affinit-~ of Flows to raphic Tecton-

Tvpes les Volcani- Distri-, ism

- clastte bution 2

rocks 1 ’ \

Czecho- Unimodal Sub- Mostly 1000 4 Wide Emplaced Middle to
slovakia . alkaline Flows along Upper
: faults, Cambrian
late
foldinw
Bimodal ' Felsic Sub- Volcani~ . AppProx. ! . Lower to
Rocks alkaline clascic Rks. 500 M Middle
Predominate vambrian
. . 0 ~
8. France Bimodal Basalts Sub- Flows Less than Local ! Lower
\ AY alkaline 100 M Lambrian
Portugal § Unimodal Basalts Alkaline Mostly < Local Faul;\{?xn lLower Midale
.\ijaln - . Flows 50 M and and tpper

Basin vambrian

Sodthern & Bimodal Felste = Sub- Moscly - < Local Subh- Lower to
Central Rocks alkaline Flows ’ .o sidence Middle
Spain . Cambrian




Table 1.1 (Cont'd)

Mostly > 80, Predominate >50 to <80, Fqual 50.

Local meané‘preéeht only locally, wide 1mplies present in most
sections in‘f?b area. .

.t

' Sources:
Beaver Harbour, N. B., Helmstaedt (1968), and this study.

Long Reach, N.B., Hayes and Howell (1937), McCutcheon (1981), and
* this study. ‘ . .

Cape Breton, N.S., Hutchinson (1952), Helmstaedt and Tella (1973),

Cameron (1980), Kepple and Dostal (1980), and this study. ¢
4

Avalon Peninsula, Nfld., Hutchinson (1962), McCartney (1967), Fletcher .
(1972) and this study.’
' L

"Britain, Rushton (1974, p. 62, 67, 71, 78, 59) and Greenly (1944, 1945).

Norway, Henningsmoen (1956), Ramberg and Barth (1966), Bjorlykke (1978),
Ramberg and Larsen (1978), Nystuen (1981, 1982), Furnes et al. (1983).

N and Nh Poland, Znosko (1965), Juskowiak and Ryka (1967)
Chlebowski (1978).

SW Poland, Teisseyre (1968) and Baranowski et al. (1984).

Czechoslovaklia, Svobbda'ét al. (1966j, Waidhausrova (1966, 1971), Palicova
. and Stovickova (1968), Vidal et al. (1975) and Fiala (1978a, b).

_ N and central France, Boyer (1966, 1974), Dore et al. (1972), le Gall
et al. (1975), Le Gall (1978), Boyer.et al. (1979) and Chauvel (1979).

$ France, Boyer (1974), Dore (1977) and Boyer et al. (1979).
N Spain and Portugal, Teixeira (1956) and Parga (1969).

S Spain, Dupont and Vegas (1978) and Guillou (1971).




' ' 20

France, Spain) shows that the felsic rocks are usually

3

peraluminous. Czechoslpvakia is unique In that the rocks

] '
show a unimoda} distribution with felsic rocks dominant.

Data 'elucidatiné the chemical affinities of Cambrian
basaltsl on the Avalon' Peninsula 1in Newfoundland, and
southern New Brunswick are .presenked in Chapter l; The
~Avalon Peninsula . basalts show alkaline chemical
characteristics’ clo;ely resembling rlfpr basalts Lé; is
-probabl} the cq;e with basalts from Poland (Baranowski‘ et
al., 1984). Those from New Brunswick, Nova Scotia (Cameron,
1980), and Norway (actually Eocambriqgi,jqp——ehapter 4 and
Furnes et al.”, 1983) ife continegkal tholeiites_that shoy
geochemical charad‘kristics most commonly assoclated with
continental. rupture. - As yet,detalled geochemical studies

~have not been carried out on the basalts from other areas 1in

ghé Acado-baltic province.

The Cambrian\volc;nic rocks at most localities .consist
of only a few flows or tuffacepﬁs beds representing single
eruptive® eplsodes with limite&-areal extent (Table 1.1). The .
thickest Caﬁbrian volcanic sequences are developed in Poland
and Czechoslovakia where the volcanism is predominantly Late
Cambrian. Volcanism in the Acado-Baltic province wasg

apparently most common in the Mi

of localities), and least common

(Table 1.1).

[ 3

‘The characteristics of the volcanic rocks from éevesal of the areas
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shown’' in Flgure 1.1 are not presented in Table 1.1 because some

critical information was unavailable. These areas are

briefly discussed below.

Volganic r.ocks giving Rb=-Sr and Pb-Pb aée ;iates between
580 and. 520, ‘mlillion years (Bland~$nd Blackburn, 1980; Bléck,
1980) have been reported, 1in aés‘ociationr wi}thACambrian
sedimentary .rocks (mostly shales) bearing' Acado-Baltic fauna
(eg. St~ Jean, 1973; Maher et al., -1981; Samson™ et al.,
1982), from the- Carolina Slate_ Belt in vthe. Southern
Appalahians. However, due to comple;x:f_olding, a paucity of
fossils, pcﬂ"or resolution of age dates, and lack of detailed

mapping, the importance and stratigraphic relationships of

thése rocks remaln poorly understood. The -available
information suggests that Yolcanic - rocks sbhowing a
basalt-rhyolite bimodal ‘distribution make up a large

proportion of the relatively thick (8 km), .volcano-
" sedlmentary sequ{nces (Costello et al.; 1981; Stromguist and
Sundeliué, 1969). Geochemical data on the volcanic¢ rocks
tqgertt}er with facies relationships have been interpreted by
various authors a.s indicative of an island arc tectonic
setting for the glate belt (eg. Butler and Ragland, 1969;
Black, 1980; Bland and Blackburn, 1980). If this early work
‘18 accurate, the thick vvolcano—sedimentary sequences of tﬁe
slat“e belt contrast sharply with the stratiéraphy and style

of volcanism in other areas of the Acado-Baltic province

(compare with Figure 1.27and Tablel.l).
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Reviews of the .stratigraphy of Acado-Baltic Cambrian

rocks in New England  make no mentior} of any Cambrian
" volcanism (eg.Theokritoff, 1966; Palmer, 1971). Kaye and
Zartman (l9gb) sugges'ted that a rh;ollte flow or dome (along
with minor andesite and fel'siﬁte) in the Boston Basin, giving
a Pb-};b age of about 600 mill.ion years, may Tepreasent ver.y
eérly Cerlmb»rian volcanism at this locality. However, Lenk et
alz (1982) u>sed microfossils to show that these rocks arve;
probdbly Late Ifrecambrian" (Vendian). Cambrian stratigraphy
in‘ southern Rhode Island 'apparently’ Aiffera substantially
from that 1in the rest of New England but volcanic rocks have

not been reported from the area (Skehan et al. 1977, 19'78,'

1981, and written comm. 1'931)'.

Mdroccan rocks - are not eiaminecl‘ here 1in detail
*l{owever, a su"per_ficial review of the Morocc'an Cambrian shows
that ‘volcan_ic rocks are common in both th'e. Haut Atlas and
"Anti-Atlas .areas. Andesiteé, trachyandesites, trachytes and
aci;d lav'as and pyroclastic rocks, make up thin units in the
“uLower Cambrian - ’o'fi the Haut At:fas area 1in Mor:)cco (Termier
and Termier, 1966; Michard, 1976, pages 58 a['ld 1574 Daly and
Pozzi, 1977; Benziane et a~1‘.i, 1983). Thi‘ck sections of
basdltic lavé"é}.and pyroclastic rocks in the Anti Atlas area

accb‘mpanied Cadomian movements during the late Middle

’Cambri"én *(Fur'on, 1956 ; .Furon, 1963; Michard, 1976, page 59).
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CHAPTER 2 GEOLOGY OF THE VOLCANIC ROCKS IN
NEWFOUNDLAND AND NEW BRUNSWICK

2.1 INTRODUCTION

At the time this project was started, Cambrian volcanic
rocks were known from "Avaloniagn” terrane in Newfoundland

'and_ New Brunswick. Work by Hutchinson (1962), McCal;tney
.(1967) and o1-"1e|:cher (1972) dem;ﬁ'strated the prtesgnce of
lMiddle CGambrian ﬁillow basalts; 'z;nd tuffacepus‘rocks betwveen
Trinfty Bay and Placentia Bay on Cape St Mary's (Figure
2.1, pocket Maps A and 1B) but only Fleftcher's_"m‘ap’s‘howed the
distribution of the rocks in t.her southern portio'n of the
‘s'tudy area (pocket Map; B.). Along with the'extn,xsiveﬁ'ocks'
l;here are three groups of shallow level intrusive rocks (the
feeder pipes, sills, .and dikes) "which ‘earlier mapping
efforts (Fletchexj,/ 1972; McCartney, 1967) revealed could be

Cambrian., In this chapter. new 1information regarding the -
field relationships of the éitrusive and intrusive rocks is
discussed. o .

The «classical work of Hayes and Howeld = (1937)

g . /
established that a relatively complete, Cambrian

stratigraphic section, with Acado-Baltic fauna, i.s presént
in the "Saint John area of southern New Brunswick. However, '

they found no' evidence for any Cambrian volcanism.

Helmgtaedt  (1968) first- found Middle Cambrian  mafic
e -

-~

. ’
“volcaniclastic rocks in a previously unreported Cambrian

* T

gsection .at Beaver -Harbour about 50 ki west- of Saint John




‘ .

) 'y -
/ - .
/

Figure 2.1 Geological sketch wmap of the Cape St. Mary's
study area. The map 1s a compilation of work done by ™ the
author, Fletcher (1972), and McCartney (1967).
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(Figure 2.2). A fileld trip to sample these rocks revealed

that there were problems with the geologicél relationships

reportéd by Helmstaedt (1968). McCutcheon (personal

. - | .
communication) reexamined the section and his analysis 1is

given in this ~chapter. Lowit\Cambtian basaltic flows and

h ufelaic,pytnclastigAxnnks&ue:e_repn:tedWiznmALhei_Ldng_WReachH

B

area (Figure 2.3) Py McCutcheon .::(1981). Their fileld
t
Telationships and distribution are , described here on

the basgsis of information provided by McCutcheon.

The only other volcanic rocks 1in the " southern New

4 » ,
"Brunswiclk area, which may be Cambrian, are flo&{, pillow

L4
lavas, and.volcaniclastic rocks at Grand Manan (Stringer and

Pajari, 1981), and massive mafic flows and pillow 1lavas

across the “New Brunswidék-Maine border near Calalils.

« #

&

(Ruitenberh and Ludman, 1978). The ége, and .stratigraphic

relationshiﬁ% of both these groups of rocks remain uncertain

-~

s0 they a}e given no futther>discussion‘here. ”, ‘

™ -
2.2 CAPE ST. MARY'S STUDY “AREA

A

2.2.1 General Geology of-Cape St. Hary‘ék

r
(A\\\All of the known Cambrian volcanic rocks on the Avalon

Peninsula occu; in a narrow belt on C;pe St. Mary's (Fygure
2.1, . s8ee M;ps A- and B 1In pocket fo; detailg).' The
stratigraphy of Cape St. Hary’s.is fairly well known ;s a
/ result of studies by Hutchinsog (1962), McCartney (1967),

and Fletcher (1972) and is summarized below and- in Table 2.1,




_Fiéure 2.2 Geological sketch map pof the Beaver Harbour area

in New Brunswick. The geology 1s modified after Helmstaedt

(1968) by McCutcheon (1982, personal communication) and used
here by permission. : '







Figure’ 2.3 Geological sketch map of the Long Reach area in
New Brunswick. The geology 1is by McCutcheon (1982, personal
communication) and used here by permission. .
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B
)

The oldest rocks 1in the Cape St. Mary's study area,

belong to the plLate Precambrian Musgravetown Group. Théy,

consist of mafic flows and tuffs with minor rhyolitic flows
and tuffs (Bull Arm Foruwation) and an overlying sequence of
mostly red siltstones and coarser clastic sqdimentafy rocks.

. . N
Urdconformably above,K these rocks 4dre the Random, Chapel

Island and Rencontre Formations, which consist of varying'

amounts of white duartzites,'quartz pgbble conglomerates,
arkoses, and siltstones. For .the ﬁ&}; part, these
sedimentary rocks are Lower Cambrian- (Anderson, 1981).
Unconformably above the a;enacegu? rocks gre\ bright red
shales and siltstones of the Bonavista Formation,
lithologically distinctive limestones of: the Smith Poilat
Formation, and more red shales assigned to. the Brigus

Formation, all of which are Lower Cambrian (Taﬁle 2.1).

-~
-

A min;r unconformity aﬁ the top of ﬁhe Brigus Formation
sgparates it from a distinctive manganese carbonate bed at
the base ;f the Chamberlain's Brook Formation (Tablg 2.1).
The shales of the Ch;gbeflain's Brook Formation are duii
gref—green. Thohg of the’ Hanusls .Ri§er Formation appear

darker or black, but away from the shoreline 1t 1is

impossible to  tell them from the underlying Chamberlain's

Brook rocks..Both formations are Middle Cambrian and bath
contain extrusive volcanic rocks which are the subject of

this study (Figure 2.1, Figure 2.4 and pocket Maps A and B).

a




~
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Table 2.1. Pock units of the Avalon Peninsula showing

A e
Lover

Ordovician

Upper
Cambrian

‘Middle
Camnhrian

lower
Carbrian

late
Proterozoic

Unit
llabhana Crodp
Bell Island Group
Clarenville Formation
Cull Cove
Reckford Head
Flliot Cove Formations

Manuels River Formation

Chamberlains Brook
Formation

Rripus Formation
Srith Point Formation
Bonavista Formation
Random

Chapel Island, and
Rencontre Formations
. A

Sipnal H4il1,
fusgravetown, and
lodgewater Croups
Bell Bay<and Rull

Armn Formations
Conception and Connect-
ing Point Croups

Love Cove and larhour
Nain Groups

A

. Fine

corresponding ages, divisions, and litholngiesﬂ

b

o

Lithologyv

Shales, sandstones,
and oolitic hematite
beds.

Grey. to black silt-
stones and shales.

Dark grey to black
shales, volcanic rocks
Crey green shales,
volcanic rocks, !Mn hed
at hase. .

Red shales. /

Pink algal limestones.

Red shales and siltstones,
to coarse grained
siliciclastics.

Red, coarse grained
molasse sedimeqts.
Basalt-rhyolite syite

of volcanic rocks.

Fine grained, ftysch—like

. marine volcaniclasti¢ and

sedimentaty rocks.

Marine and terrestrial
,mafic and acidic, alkaline
volcanic rocks.
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Figure 2.4 Sections showing the stratfgraphh:positioning of
Cambrian volcanic rocks in the Cape St. Mary's study -area.
Volcanic rocks occur within the ¢haﬁber1ains Brook Formation
at Hopeall Head and Cape Dog and within the Manuels River
Formation at Chapel Arm and Hay Cove. Note that the pillow
lavas at Hopeall Head and tuffaceous rocks at Placentia
Junctioh -are shown within the Manuels River Farmation but
their position in the stratigraphy 1{is uncertain. The
locali%2ed nature of the volecanic eruptions 1is 'illustrated by
the absence of volcanic ‘rocks 1Iin the Chamberlains Brook
Formation at Chapel Arm, though they occur-at Hopeall Head '

just 10 km away. Similarly Fletcher (1972) found - that twhe
Hay Cove volcanic rocks disappear only 10 km north of Hay
" Cove and the Cape Dog volcanic member 1s absent in sectilons
of the Chamberlains Brook Formation 15 km to the south of
Cape Dog. The stratlgraphic sections for Hopeall Head,
Chapel Arm, and Cape Dog are from Hutchinson (1962) and the
section for Hay Cove is from Fletcher (1972).
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In the southern portion of the study aréa, grey and green
siltstones of the Gull Cove and Beckford Head Formations,
which ére Upper Cambrian, conformably overlie the Manuels

“* +. River Formation.

McCartney (1967) ﬁ:apped a series . of gabbroic "plugs"
vﬁich, t‘ogeth‘er with the Middle Cambrian. extrusive rocks,
.form a beltﬂ of volcanic rocks stret;:hing from Chapeil Arm, to
‘Cape Dog (Figure 2.1). Becauae‘of__ t(heir proximity to the
extruslive rocks, and because the youv‘ngest rocks the.y intrude
are in the 1lower por.tiovns of the Chamberlain's Brook

- Formation, McCartney (s'u}gesied that the intrusions may be

Middle Cambrian, and the feeders to the,e_xt'::usive rocks.

Fletcher (1972) first noted the occurrence of "layered
gabbroic eilla near the end of Cape St. Mary's {Figure 2.1
a.nd,‘ pocket Map A). He pointed out that the s81lls intrude

¢

- Uppe't, Cambrian shales; the young‘cst rocks on TCape St.

~

Mar);"s, (Table 2.1) and that they were .folded by Devonian

- defoi‘ma‘tion} He believed the rocks are probably Upper

Cambrian or Lower Ordovician and for this reason tyhe
. - v . B

decision was made to include them in this study.

. )

. . ”Flétchgr . (1972) also feprorted the presence of numerous . .
- T . diabase .dikes on the eastern .shores of ‘Placentia Bay,’
. f(’l?igure"'; 2.1 and pocket Map A). He suggested they may be !

o o ‘7De.\1rbriiarp because they resemble dikes of that age mapped by

R |

4.iex’1'neés‘_:» (1963), in the Terra Nova map area. However,

e R ‘Fletcher's work did not rule out the pdasibility ‘that the
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dikes and sills (mentioned above) are co‘magmatic. ' 5

2.2.2 Cambrian Extrusive rocks

Basaltic flows, and/or tuffs occur at "a number o-ff
localities on'Cape S.ti. Mary's (Figure 2.1, see maps A and B
in pocket for details). Th.e‘ most northerly of these is
Hopeall Head, which .forms a gmall peninsula along"ch.e
southeastern shore of Triﬁity Bay. -Lépilli tuffs occur on
the western limb of a \mrtherly trending . syncline, and are
vexposed on the no;'thern and southern shores of the

1

peni&sula. A major north-south trending fault separates the
'~ . L

volcaniclastic rocks (sampling localities PL53, PLL29 and

PL132, pocket Map A) from pillow basalts (PL54) and breccia

(pPL128), on the wéstern extremity of the peninsula.
[ 3

. - : )
The tuffs occur in the upper portion of the

Chamberlains Brook Formation (_Table 2.1, Figure "2.4), and
accordin‘g t;o chartney (1967) and Hutchinson 1(1962)} are
about 5 ’metefs thick. A tuff section 5.3 meters: thick occurs
at the northern envd of Hopeall Head (s'ampling' locality
PL129', poﬁkét Map A) and. t.he unit 1is approximat'ely the game
thicicness at the most southeast;rly e{posure (0.2 ka SE of
PL53) but it is nearly 12 meters thick at the sOufhue§t

cornér of Hopeall Head (locality PL 53).

Fletéﬁer (197i) assumed that the pillow basalts were.

produced a{‘the same time as the tuffs and assigned them to

the upper portion of the Chamberlains Brook Formation.
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However, the stratigraphic position of the pillo‘w basalts

cannot be determintd because they are’ everywhere in fault
contact?. with the surrounding sedimentary and volecaniclastic
rocks . The pilllow lavas are probably Middle <Cambrian
because they are associated, and probably contemporanebus,
with minor grey shales which are almost certainly of -this
age. The fact that ;;11109 lavas are not f_ound with the tuffs
and vice versa, yet the two ’are juxtaposed énlong a .normal
fault, suggests ‘that they ware not pvroduced by the same
event. The pillow lavas may. overlie the volcaniclastic rocks
because no evidence has been found in the stratigraphic
column .for any volcanism below the volcaniclastic rocks,
despite excellent exposures .on both the ri‘orth and south
shores of Hopeall Head. The thickness of the pillow basalts
cannot be determined due to incomplete exposure and

structural complications, but they are at least 5  meters

thick.

Middle Cambmrian pillow basalts and minory volcaniclastic
rocks also o,écur around ~the shores of Chapel Arm, at the
southern tip of Trinity ‘Bay (Plate .2.1, Figure 2.1‘ and
pocng Map A). Th;a piilow lavas vary from a few melters 'to
approximately forty meters in thickness. A pillow bre.ccia,
three meters thick,"_occurs along the shoreline about one.
kilometer south of Normans Cove (between sampling- localities
LCl8 and LC19,. pocket Map .A).' Inland from the shore the

lavas form resistant ridges which can be traced as far south

as Placentia Junction (Figure 2.1 and pocket Map A).

v




s

.

Plate 2.1 Pillow basalts along the shores of Ghapel Arm.
Inspection of the pillowssr in the field shows that the
concentric zoning evident in cross sections of the pillows
is due to variations in the size.and percentages of vesicles

in the pillt . Photos were taken at sampling locality LC17."
(pocket’Map 1h). ) ’
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McCartney (1967) found that two volcanic events were
represented &t Chapel Arm, both occurring viﬁhiﬁ the
"Paradoxides davidis™ =zone of the Manuels River Fof%ation,
but the§ are separ;ted by several meters of shale. It 1is

difficult to determine with certaint} ‘1f the extrusive

rocks, which oceur inland, are exactly time correlative with

13

those anng the shores, because fossil beaping exposure§ are

-

practically impossible to find.

McCartney (1967) makes no mention Qf the sill expoaufe;x'
associated with the pillow basalts, and érobably !fhoughg
they are massive f ow;. Tﬁere aré ;éually two sitis found
Atogéther, each about 7 meters thick and separated Sy.aboﬁt 6
meters of shale: . The s8teep sea ciiff approximaéely 2
kilometers vloﬁg on the east’ shore of Chapel Ara (eg.
localities C§40 to CA42 pocfet Map A) 1is act&ally made up of
two sills, each dibpfng at approximateiy 75 degrees west.
The two 's8ills become dikes and cut across shales to form
pillow basalts near the northern end df Chapel Arm at Mcleod
Point (locality CA64). These exposyres show conclusively
;hat the.giils are related to the events which produced the

v

pillow lavas.

v
.

Basa'ltic lapilli tuffs are exposed in a road cut some
250 ‘meters long; along the Argentia access highway, near
Placentia Junction, (Platé 2.2, Figure 2.1 and pocket Map A
vlocalities PL60O to PLBO and PL140 to PL172). ‘ The

volcaniclastic unit is fault bounded on both the east and

.
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Plate 2.2 Bedded pyroclastic rocks 1in the road cut at
"1acentia Junction. In the upper photograph the hammer head
18 restding on fine grained tuff. Above and below the hammer
head are coarser grained lapi1lli tuffs. A large sedimentary
clast 1s partly obscured by the shadow of the hammer handle-.
The lower photograph gives a closer view of the lapilli
tuffs. Nofe the spindel shaped clast below the penny. Both
photograpis were taken at sampling locality PL84 (pocket Map
A). v . ' . )
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west sides, and a lack of exposures to the north and south
of the ‘'road «cut prevents the observation of contact

-relations. The weét end of the outcrop -1s entirely
. A N

nylonitized, and the ad jacent rocks are not ‘exposed.~Flack
Migdle Caﬁbrian shaleé probably belonging to the Hénuels
River Formation are in fauli'contact with the outcrop to the
eagst. The acguéi age of the tuffs cannot be determined, byt
their simil#rity to the Cambrian volcaniclastic rocks at
Hopéali'Head and other Cambrian rocks at Cape Dog and . Hay
Cave suggests‘ they are probably Middle Cambrian kFigurg
2.4). Th;s 1Jgélity was recorded by McCartﬁey (1967) as one

of the "plugs"™ or feeder pipes in the area. However, the

blasteJ road cut was not present when McCartney. did his

w0fk,, | . ' ‘ . /D

Approximafely 30 kilometers south. of Placentia

Juﬁction, basaltic lapilli tuffs and pillow basalts occur
: along the sea cliffs of St. Mary's Baf} at Cape’ﬁog. These
rocks resemble those at Hopeall .Head._ Chapel Arm and
'Placentia Junction, and repr;sgnt a southerly extension of
the volcanic belt (Figure é.l and pocket Map B). The tuffs
maké Qp most of what is known as Cape Dog,‘and ocgqr in'the
axis of a syncline plunging gently to the south anﬁ with low
.dips on the liﬁbs.. Small fé;lts with, at- most, several
meters of displacement and variable orientation comélicage
the geology. To the northeast (gampiing‘localicies PL30 Ato,

VPL37 pockét Map B) the tuffs rest directly on shales but on

the southwest side of‘Cape;Dog they occur above pillow lavas




. 44
(lavas at localities PL38 to PL4O) underlain by Cambrian

shales. Fletcher (1972) estimated that the sectlon is about
60 meters thick. This seems reasonable as the syncline
plunges géntlyf and the point of maximum relief (75  meters)

is siightiy north of where ‘the volcanic unit meets the water

Iy
NE

line.

K ‘McCartney (1967) assigned the Cape Dog volcanic tocks
to the Maduelg River Formation because they resemb}e -ghé
vOlcénic rocks of' this formation at Chapel Arm. Fletcher
(1972) argue& thdt the volcanic ‘rocks afe‘ stratigraphical}y
equivalen; to those near-thé top.of the Cﬁamberlains B:&ok
Formation at Hopeail Head ksée Table 2.1 and Figure 2.4).
His * conclusions are éuﬁported"ﬁy the observatfon that
Hﬂ-beating gedimentary rocks, which are characteristic of
the base of this. formation,‘occur a few meters below the

pilfow lavas. In‘eithér case they are Miﬁdle Cambrian.

The thickest section of Cambrian lapilii tuffs occurs
at VHay Coye. along the wgst shore of St. Mary's Bay.(Figure
2.1 a}éo see pocket Map B). The actual- thickness of the
unit ’is diffiéult to determine because most:exposuies form -
steéﬁ se%-cliﬁfa, which are hazardous to examine. Th; rocks
aré accessible at ;heir mogtlsoutherly exgosure.(locallties
SB38 to SB40 pocket Map B) Qﬁere_an incomplete section 123
meters thic} ‘was measured; however the total.thickness may

!

exceed 200 meters. The southern sea-cliff exposures show

thatl the wunit 18 folded and forms a large syncline to the
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wesf, and én anticli?e to the east. Several thin mafic
81lls at the base of Fhe tuff sectioﬁ at Hay Cove may have

.been mistaken Sy Fletcher (1972) for thin flows as pillow
lavas were never observed during the course of this study.
The tugfs also occur at Beckford Head (Figure 2.1 and Map

,B); only.th?ee km to the northeast, as a thin bed 0.7 meters
thick. The unit cannot be found nort%ﬁpf Deep Cove (4 knm
nortﬂeast of Hay Cove) where it 1i3.a mere 0.3-meters.fh1ck
(Fletéher, 1972). According: to Fletcher (1972) these
‘volcanic ro;ks occur within the “"Paradoxides davidis™ =zone
and are therefqre conteémporaneous with the flows at Chapel

Aro (Figure 2.4)% *

2.2.3 Feeder Pipes

At least 10 small pipe-like intrusive bodles, pfobably

‘

of sub-volcanic origin, occur in” a narrow belt extending

south ~from Chapel Arm to St. Mary's Bay (Figure 2.1). These

—_—
——

shallow-level intrusive rocks (hereafter referred to as
feeder 'pipes) form ovold, erosion resistant, knobs on the
countryside (Plate-2.3). They range in length from 0.5 to

2.0~ kilometers and are usually less than 0.5 kilometers in

width. McCartney (1967))proposed that these rocks we{g the
v v
feeder pipes for the Middle Cambrian tuffaceous rocks and

pillow basalts because they OCCurquJacent to, but never cut
sedimentary rocks stratigraphically overlying, the extrusive

rocks.
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“ Plate 2.3 Erosion ‘resistant feeder pipe making up Spread
Eagle Peak forms a topographic high point. Columnar jointing
is evident 1in the lower photograph. - Both photographs were
taken ‘1looking west on Spread Eagle Peak (Figure 2.1 and
sampling localities CA162 to CA165 pocket Map A).
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Despite detailed mapping, outcfops which would
conclusively establish the relationship between the feeder

-

plpes and extrusive ‘rocks were npt:dbséfved. Dating the
feeder pipes by rgdiometric methods provea , lmpossaible
because of probfeme with alter#fion (Rb-Sr whoie rock and
mineral methods), dhd'a lack of iircons Lﬁ—Pb‘ techniques).
However, some new 1nd1rec£ evidence sﬁégesgs that the feeder
" plpes were the sources of the extrusivé rocks. Pillow
basalts east of the pipe .at Normans Cove (egi,éipe ‘sampling
iocélitiés CA33 aﬂd CAl42) seem to increase in thickness
toward the'west (basalts tﬁicker at 1ocaiity LCI§ than 'LC18)
as ﬁight be expected 1f the plpe was tﬁe source for the
lavas. It alsozappears that feeder pipgs cutting sedimentary
rocks highgst in g#é local stratigraphic column show the
best qévelo?ment of columnar Jjolnting, '(eg.- Spread ﬁagle
'?eak, ég;pling .localities CAl62 to CAi%é;‘also see Plate
2;3)>and>ﬁ;y be slightly finer grained than those more

deepljﬂ‘erbged (eg. feeder pipe -3 km NW of Spread Eagle

sampling localities ' CA177 'to CAl80). These obsefvations

1 »

suggest the f&rmer were closgrjto.the su;face and cooled
more quickly. According to Dr. J. Hodych (personal

‘communication), preliminary paleomaggetic data on a sample

from Spread Eagle Peak indicates a pole position consistent

with a Cambrian age for the pipe. In summary, the available

circumstantial evidence indicates that the pipes were the

feeders to the Cambrian exﬁdhsive rocks.

»
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. . Y %
~ All known occurrences of the gabbroic sills are at the

sod‘th'erp tip of Cape'Srt. Mary's (Figure 2.1 and pocket Map

B) where they form a swarm as shown by excellent exposures

in sqa-cliffs' on Placéntig and St. Mary's Bays. These rocks

form small tabular intrusive -bodies ranging in thickness

from'a-few tens. of centimeters to 60 meters. In outcrop the

*

most striking features of the thicker sills, such as at

y

Lance CoVe'(‘sampling localities SB60 and SB61 pocket Map B)

and '(‘7.611 Cove (localities SB6 and SB7), are thelr 1ayer.iﬁg

and coarge grained nature. Light ‘colored granophyrie layers

in the thicker sills contrast sharply with the dark gabbroic

rocks (Plate 2.4) but make up only small portions of ‘thg

sills. At otﬁer localities, such as at Point L,@ric.e (sampling
) O : v ! ‘ “,' ' ” " .
locality SB21),  the s8ills occcur as multiple 1injections
. 4 o N

commonly about one meter in thickness (Plate ‘_2.4)..'

Fletcher (1972) found that the sills intrude Upper

Cambrian shales, the ypungest rpcks on Cape St. . Mary's

[ 4

* s N :
(Table 2.1) -and that they have been folded by .Devonian

N

deformation. He beltieved the’ riocks were probably Upper

Cambrian or Lower Or_dovic‘ian. Hodych and éowoqkers' (personal

/communication) attempted to'date the rocks by K-~ Ar methods

but ob‘w\ed reset I)evonia* ages. An age of ’5.164i"°31 Ma. wvas
»

obtained using Rb -_Sf metheds as part of this study, but

s

the lanrge‘ertor on this date, plus the fagt that the sample
. 5 - . .

- »qifh highest Rb (when included) gave &a unrealistic Jurassic

y.ooo.
< B a

5
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Plate 2,4 A. Photograph stx_3v1ng a 8111 Bwarm at Point Lance.
Most of the cliff consists of thin sills which are separated
by thinner and lighter colored shale that erodes more easily
than the 811l rocks. The rocks shown in 'the photograph occur
at sampling locality SB24 (pocket Map B). '

B. A granophyric layer iti the thick sill at Lance
Cove. . The 1lens cap 1is resting on the granophyre and
.approximately 10, cm ~above it are ‘'gabbroic rocks.. The
photograph was taken ,at sampling locality SB59 (pocket Map
B). ¢ :

+ A
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age, make the number unacceptabdble. In a final attempt to
determine the age of the rocks U - Ph methods were used to
date zircom and baddeleyite grain.s concentrated from the

sill at Lance Cove. These methods gave a reasonable and acceptable

4. - .
age for the sillsqof 425 + 5 Ma (T. Krogh, personal communication).

2.2.5 Dikes

Ve

Most exposures of the diabase dikes occur on t&h{
eastern shores of Placentia Bay, chdugh they are found at
‘scattere;j localities over most the southern portion of the‘
Cape St. Mary's study area (.Figure 2.1 and pocket Map B).
They take the form of multiple injections, ranging in width
from 0.3 meters to 4.5 meters and averaging about :'l.3 meters
(Plate 2.5)-. Despi:te f.o_ld}ng t};ey are mostly vertica‘l
because their strikes, which average 120‘degrees (range = 90
to 140 degrees), are at approximately right angles to fold

axes in the area.

The dikes were first mapped by Fletcher (1972), who -

suggested they may be Devonian because they resemble dikes.
of that age mapped by Jenness (1963) 150 km to ttrle NNW. Thye
dlkes cut Late Precambrian a;; well as Lower, Middle, and.
Uppet pambrian sedimentary ro-cks, and Fletcher (1972) ’noted
at least oné locality where a dike cuts one of thé sills-_‘
"The latter o4bservatipn suggests fhe. dikes ppstdate thg

-

aills. During the <course of this study, a dike was found

cutting a thin sill at Hay Cove (samﬁling locality SB38

poc'ket Map B). The small number of éross-cutting




Plate 2.5 A. Photograph showing three mafic dikes cutting
limestones belonging to the Smith Point Formation at St.
Brides (sampling lo&ality SB26 pocket Map B). '

B. Photograph i1llustzating the intense deformation
suffered by some of the dikes. Fractures in the dike are
filled with calcite. ‘Photograph was taken at Patrick's
Cove, sampling locality SB56 (pocket Map B). -
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relationships "does not rule out the possibility that the

sills and dikes are comagmatic - a hypothesig tested . with
the geochemistry. The age of these rocks remains
problematical, but the petroloéical aund chemical information
shows that the dikes are similar to rocks described by -
Jayasinghe (1978) from the Bonavista Bay area which are

between 340 and 400 Ma.

2.3 SOUTHERN NEW BRUNSWICK

2.3.1 Geology of Southern New Brunswick

»The. geology 4of the Avalon -‘Zome 1in southern New
Brunswick has been reviewed by Rast et al. (1976),"
Ruitenberg et al. (1977), and Rast ef al. (1978) and 1is
"summarized in Table 2.2. The following discussion
summarfzés information from these papers and draws on some
more recent inforiatiqn for cempleteness.  The oldest rocks
in southern New Brunswick consist of wmarbles, calcareous

siltstones, setipelitic: rocks and quartzites of the Green

Head Group which tend to show a gneissic fabric (Olszewskl

and Gaudette, 1382). These metasedimentary - rocks are
bellieved to be Neohelikian on the basis of stromatolites

(Hoffman, 1974).

) The Green Head rocks are in fault contact with, but
almost certainly unconformably overlain by, the Coldbrook
Group. The Coldbrook volcanic sequence can be divided into

three belts termed the Eastern, Central, and Western’




Table 2.2,

Period

Ordovician

Upper
Cambrian

Middle
GCambrian

“lower
Cambrian

Hadrynian

Helikian

Rock units of southern New Brunswick showinu‘
corresponding apes, divistons and lithologles.
v

Unit
Navy Island Formation
Narrows Formation

v
~

Black Shale BRrook
Formation
Agnostus cove Formation

Hastings Cove Formation

-~

Port{:’koad Formation

Fossil Brook Formation
Hanford Brook Formatiom

GLen Falls Formation
Ratcliff Brook Formation

v

Coldbrook Croup,

Green Head Group

Lithology
F N

Thin bedded black shale.
Dark. grey and black
shale with a few lime-
stone concretions and
sandstone heds.

Thin bedded black shale.

Ylack and grey shale and
sandstones with lenses
of grey limestone.
Thin bedded black shale
vith thin sandstone |
beds, and limestone
nodules.

"Black shale.

Black limestone and
shale. ’

Micaceous red shale and
fine grained prey sand-
stone. :
White sandstone.
Purple sandstone :and
shale with conglomerate
at the base.

Terrestrial mafic and
felsic volcanics, minor
limestones and silici-
clastics. '
tarble, calcareous o
quartz siltstone, semi- .
pelites, quartzite,
gneissese.




57
_Volcanic Belts (Giles and Rultenberg, 1977). The Eastern

Belt consists of a shallow marine gequence of. pillow 1lavas -
and tuff, 1interbedded with siliciclastics and limestones.

The Ceatral and Western Belts are made up almost entirely of
¢ »
terrestrial, mafic and felsic volcanic rocks.

o~ .
The Cambrian Saint John Group unconformably overlies
the Coldbrook™ rocks. The type section was divided into

eleven "formations™ by Hayes and Howell (1937), but many of

these are biostratigraphic, rather than lithostratigraphic

units (Table 2.2). At the base, fine gralned red sand;tonés

3

and  'shales, of Eocambrian or Loﬁer Cambrian age make up the

Ratcliff Brook Formation. The variable thickness of this

\

unit (60 ¢to 600 meters) suggests it may be separated from

' !

the‘-ovetlying white, "~ medium to coarse grained, and.
cross—bedded sénds;one of the Glen Falls Forma{ion,‘by a
ma jor ﬁncpnformlty (McCutchebn, personal communication).

Above the Glen Falls bgds, the late Lower Cambrian Hanford
Brook Formatioﬂ, iz the first trilobite bearing wunit and
fherefg:e the first with a firmly established age. The Black
Limestone separafes gray shales and sandstones of the
Hanford Brook Fotﬁatlon, from ;eVepal ploditatigraphic units
witthray and black shales, and forms the bage of the Middle
Cambrian. The Upper Cambrian ‘"Agnostus Fque 'Formation 1is
dlstingdishgd from tﬂe Middle Cambrian roéks by fine to

medium grained arenite beds, aﬁd is overlain by black, Upper

EXY

Cambrian to Lower Ordovician shales. The trilobite fauna

-associated with .these rocks belongs to tﬁe Acado-Bqltic
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o .
and has been correlated with that of Cape Breton

province

and eastern Newfoundland, as well as most of northern Europe

(Henningsmoen, 1969; Palmer, 1972, 1977; Hallamk 1972;

-Burrett and Richardson, 1980).
Py

‘The . Cambrian gédimentary rocks in the Long Reach area
are similar to those in the type section (McCut?héon, 1981)
but primarily Lowef Caﬁbrian rocks ar; preseérved in the Long’
‘Reach "~ area, and volcanic rocks are found In the.section. At
Beaver Harbour, where volcanic rocks also‘occur, the sect;on,
1s ‘highly faulted and only'a small portion is exposed vso
that detailed comparison with the type section' is
1mpo§sible.

2.3.2 Beaver Harﬁour Area

- o

Helmstaedt (1968) reported “greenish and - purple
pyroclastic rocks”™ associated wigh Middle Cambrian limestone
on Buckmané Creek, at the head of Beaver Harbour (Figafe
2.2). The faulted n;ture of the section prevented gim from
stating with qonfidence that all of the rocks along the
creek afg Middle Cambrian in age. HcCutcheoﬂ .(persogal
communicatio?) has reexahined the section, and according to
hiﬁ 1t is divisible into five parts - units EC and Cl.to C&
in Figure 2.2. On both sides of Buckman; Creek, a 20.10 30
meter thick un{t (C1) comprised of gquartzite and redbeds,
‘"disconformably (?) overlies felsic volcanic rocks (EC) that

were considered Silurian tn age by Helmstaedt (1968). Above

\ ‘

this unit, and facing north are predominantly purple colored
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pyroclastic rocks (C2) approximately 60 m thick, which on
the west Side of the creek form a"discontinuous outcrop that
18 entirely green at the top. On the east side of the creek

- -, ,

"thegse rocks are in fault contact with a dark green flow (C3)

that Helmstaedt (1968) assigned a Silurian age.

On the west slide of Bu;kmana Creek the pyr&clastlc
rocks‘are in fault contact with a unit (CA) that éontafns
the Miadle' Cambrian fossil locality of Helmstaedt (1965).
Thié unit dips north, but Seddiné - cleavage relati&nships
indicate that {t is overturned. It contains, from apparent
bottom to top, 20 'm~ of vol;anic breccia, 7 m of gray
clastics with volcanic detritus, 2 m of fossiliferous
nodular iimesfone, and 1.5 m of black shale. To the north;
it 1is 1in fault c;ntact with the same flow (C3) as observed

on the east side of the creek.

'MtCutcheon (persohal communication) suggestgd that the
volcanic rocks on Buckmans Creek are most likely late Lower
to early Middle Cambrian Lif the quartzite at the base of the
section 18 correlative to the Glen Falls Formation near St.

John (Table 2.2).

2.3.3 Long Reach Area

~

Both felsic and mafic volcdﬁic rocks occar im the Long

Reach area in association with red beds of Early Cambrian or
! . .

perhaps Eocambrian age (McCutcheon, 198l1). The  felsic

’ ]
pyroclaspic rocks occur at Beulah Camp and ‘on Rocky Island
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(unit _Ch Figure 2.3) in a unit probably less than 30 meters
thick. They are red iﬁ color, and form beds <tens of
centimeters th;ck,b defined by variations in clast size and
hue. | ‘

Mafic rocks oécur in the Long Reach area at road cuts ®
along Highway 102 a£ Browns Flgt (untit | Cl,ﬂ sampling
localities GWD3 to GHD}O Figure 2.3), 1in theé  gravel road
that’ileads :L the Saint John River at Beulah Cémp (gampliné
localities‘gﬂDll and GWD12), and at a; expo;ure along the
rafilway tracks at ‘Greenwich Hill (unit C3, Figure 2.3).
Basalts flows from the former two localities ar; interbedded
with red beds (unit C2) which are p{obablﬁ Lowver Camhfia;
(HcCutcheon,- 1981). The poor‘exﬁoaure 0of these flows makes
it difficult to determine thelir thickness; but the outcrops

in the road to Beulah Camp suggest they are less than 10

meters thick.

X
The mafic rocks at Greenwich Hill are troublesome 1in

terms of their contact telatiéns, and therefore their age.
Although th; actug} contact with the unde?lying‘red beds 1is
not exposed it 1is evident in the.field that it must run
parallel to, ana is probably couformable .with, bedding
apparent in thg sedimentary rocks. Because the nature of the
upper contact is not apparent eithét, it is-ﬂot'cettaln
uhethgr.the outcrop'représéhts a sill or a thick (greater

than 10 m) flow. Vesicles vere never obseryed in'the unit

' .
and it appears massive in the field, 8o textural evidence




< el
tndicating whether it is a flow or a s8ill is lacking. Fileld

‘relationships suggest that a dike cutting red beds below the

unit may have been a feeder to the latter.




. CHAPTER 3 PETROGRAPHY OF THE VOLCANIC ROCKS

3.1 INTRODUCTION _ <

This chapter of the thesis discusses the primary and
secondary mineralogical and textural characteristics of ' the
volcanic rocks geochemically examined in the next chapter.

Because new data on pyroxene compositions in Middle Cawmbrian

volcanic rocks from Cape Breton Island are exanined in

Chapter 5, Cameron's work on the petrography of these rocks
18 also reviewed. /

/

i

3.2 CAPE ST. MARY'S ; /

3.2.1 Middle Cambrian Lapilli Tuffs

Middle Cambrian ' lapilli tuffs, as discussed in Chapter

2, occyr at Hopeall Head, Placentia Junction, Cape Dog and . 9

EPE ,‘ Héy Cove (Flgure 2.1, see bockéf Maps A and B'fof detailsﬂf

>

Although “there 'are{‘some'}diffeténch'in'thg‘tocks between
ibealitles, they - are =+ {in "geherai - texturally ., and

o mineralogically éery similar. Qutcrops are usually grey to

dark grey in color and, with/ the exception of Cape Dog,

-bédding is well defined ;)/rapid changes 1n clast size, the o

‘ SN
percentage of calcite in the matrix, and small changes 1in
the color of the matrix material (Plate 2.2). Cross beddlné,

was noted in a éouple of the beds at Hay Cove (sampling T °

locality SB42 pocket Map B) but this feature 1s generally

absent. Bed thicknesses fange from a few ‘centimeters to

’
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_several meters at . Hay Cove (sampling 1locality SB&42). A

£

typical tuff section (Hopeall Head, sampling- locality PL53
'ﬁoéket Map 'A) showing : bed thicknésses and clast sizes 1is

shown in Figure 3.1.

The c‘ia‘st‘s-are monolitho_lc;gic, and. Hi;hin bedsi, fairly
well s;)rted. ) The volcanic material ranges in size from over
nné centimeter to lebs‘ }han 0.3 millimeters (ash size) but
most is'between‘o.l aﬁd 05 centi:(gters‘. Elli,p‘tical -‘t‘)om})s 10
to, 20> centimeters' long were observed at Hay Cvo_ve (sampling
locality SB37 pocket Map'B). Prin{aty textures of the'clgsts
are usudlly 'very well preserved. Tﬁey tend to have_

elligtical shapes, and contain about 60 percent vesicles.
. :

These v'esicles are tound'in the c_énter of the cla\r‘,sts,.' and
somewhat oval at the edges. They typically neasure 0.2
N . . .
millimeters acroés, and aré filled with either chlorit‘e'%”i’
calciyte. The .clasts, which were once tachylitic ’pt.xmice
- fragments,* are no;r composed of chlorite .with minor albite
and 'spheﬁe, At Placentia Junctioép, some of the clasts are

4

composed of a colorless chlorite which appears isotropic

under crossed nicols. Thgse clasts give the ' rock an

.amazingly fresh appearance (Plate3.l).

Individual clasts show a limited amdunt of .contact and
“"float”™ in a secondary calcite matrix whi‘ch, makes up between
two and twventy percent of the rock (Plate 3.1.).> At Hopeall

Head (sampling locality PL132 !ia'p A) and Hay Cove (‘_localityl

SB42, Map B) small asmounts of hematite in the ;aicité matrix




Figure 3.1 gSection of pyroclastic fall deposit at Hopeall
Head. The section was measured at locality PL53 (pocket Map
“A). Clast sizes and bed .thicknesses are representative of
most of the other volcamiclastic sections in the Cape St.
Mary's study area (Figure 2.1). The absence of sedimentary
breaks or evidence for reworking within the sectign suggests
that it repregents the product of one volcanic eruption.

i}
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Grey sitstone and shale

Medium to coarse grained tapilli tuff

/Massuve medium grained lapitli tuftf

Thinly bedded tut!

Massive tufft

Well bedded tulft with some japilli beds

Fine g'ramed tapilli tufd
Medium to coarsegrained lapillli ‘mn-

Lamvinated_ktuH

Coarse (apilli tufl Clast Sizes

Tuft< 0.2cm
Scalc 1 moter Fine tapilli tuft 0.2 O.4cm
Med tapitli tuff 0.4-0.7¢cm

Grey shale Coarse |a§|l!n tutt >0.7¢cm

&
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Plate 3.1 A. Center of & clast which consists mo tly of
relatively colorless chlerite and deep brown spheneB\ Oval

areas represent outlines of vesiclles which are filled with

.colorless chlorite. The clast goes entirely extinct under

crossed nicols. Photograph taken wunder plane light, with
longest dimension equal to 2.8 mm. The gample is PL83 from
the road cut at Placentia Junction (pocket “Map A).

B. A highly altered volcaniclastic sample from
Hopeall Head (PL132J pocket Map A) showing an equigranular
carbonate texture between relict “ghosts”™ of chlorite—-rich
clasts. The oval blue  patches are vesicles filled:- with
chlorite (anomalous blue) whereas the striated mineral with
high-order white coloration is calcite. The clast dn the
right has largely been removed by the -carbonate solutions
and only the rims of some vesicles remqin. Photomicrograph
taken under crossed nicols with the longest dimension of the
photograph equal to 11.6 mm.

]
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give the gocks a pink color. The calcite tends to form large

crystal grains, and in samples vhere its percgniage is high

the rock resembles a recrystallized l{mestone (Plate '3.1).

'
-

r . ’
In. the tuff beds the grain size of tlhe calcite tends to be
much smaller, and cryptocrystalline 1 'appearance. In . some
samples, "ghosts” of the  original <clasts. remain in. the

calcite "matrix”, making it difficult” to ascertain the

original sizes and shapgrﬁbf the clasts.

"9

pherty ‘cbasts, generallyilless than‘ 10 centimeters
across are found iﬁ the Hopeall Head, Placentia 'Juhction,
and Cape Dog sections. Locﬁlly they form distinct beds’,
usually less than 15 cenr_in-leters thick'.a"fhin.' bedding
Alaminae, and soft lsediment structures vfthin the cherty
clasts Buggest they are pieces of the bafin floor ripped  up
during 'the er;ptions. These .~ clasts are usually
volumetrically unimportant, but at Cape Dog théy coﬁptise“up
to 2 percent of the volcaniclastic rocks and can meassure 50
centimeéers across. ., In addition, the matrix of‘the Cape Dog
volcaniclastic rocks appears to contain 2 or 3 pgrcqﬁt mud .
These observations, plus the fact that the Cape Dog. rocks
show very little bedding, suggest that they may have formed

N .

very close to the Qemt.

o

£

Augite appears io be the only primary mineral preserved
in the volcaniclastic rocks, and it was observed in very few

samples. One sample from Cape Dog contained less than. one

— N -

percent of the mineral, as did several of the bombs from Hay
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Cove. The compositions of these pyroxenes are discussed in

detail 1in the geochegistry gection. Secondary miﬁerals‘
useful 1in establishing the temperatures and pressgres'of
metamo;phism are afsent. The formation of wmany wminerals
characterigtic of low grade wmetamorphism (eg. prehnite,
. o -

puméellyite) is inhibited if the CO partial _presguré is
high (Winkler, 1976). Large amounts zf calcite in ne‘&ly all

samples suggest that this was the case in most of the rocks

examined in this study.

Iy

, Textural tharécteristics,of the ¢tuffs, such as the
rap?d grain—sige changes between beds, and the well sorted,
monolithologic nature of ‘the ash to coarse lapilli. sized
;;asts gﬁov that thg rocks are pyroclastic fall deposits
(cf. Walker, 1971; :sheridan, 1971; Sparks et al., 1973;
summary in TaBle 3.1). Pyroclastic .flows, lahars #nd
éxplosion breccias are ;sually poorly sorted and stratified
(Nairn an&‘ Self, 1978;: Crandell, 11971; Self, 1982), and
surgé deposits are 'generafly croés-beddgd (Sparks, 1976;
La jole, " 1979). -Although gross—bedding may.occasionally be
pfesent it is not common: Flows, surges( and lahgrs usuéLU'-
require relief, that is a substantfa.l vplcanic edifice, as a

prerequisite to their formation (Self, 1982). Apparently the eruptions

produced such small amounts of volcanic material that a high

volcanic edifice never formed.

©.

. ”»

Early work suggested the size and percentage of

vesicles in pillow basalts could be used as water depth
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Table 3:.1 Classification and textural characteristics of" fragmental
B " rocks. ;

Type Characteristics

‘Flow Breccia: Coarse grained, highly angular, very poorly sorted,

i

" Fragmental Rogks’

Autoglastic . : \Pyroclastic

Flow Breccia Hyaloclastites . flows
surges i
3 lahars

explosion breccia
fall

monolithologic, may contain complete pillows or pillow
fragments, localized due to mechanical disruption of
partially solidified flow.

Hy@o‘lastites. Fine grained monolithologic, localized, due to
n  thermal disintegration of magma on contact with cool

. water., ‘ i

Pyroclastic flows: Poorly sorted, may contain forelign clasts, fill

valleys and depressions, may show grading, may be

. poorly stratified but arewusually homogeneous. Produced

R by gravity induced movement of hot pyroclastic material
. . with high ratlo of gas to solid.

Pyroclastic surge: Cross bedded, individual laminae well sorted,
thickest in depressions, show unidirection bed form, . .
may contain foreign clasts, produced by turbulent gravity :
1nduced movement, of material with low gas/solid ratio

Lahars: Very similar to flow deposits, Eoorlz sorted, may be
polylithologic, produced by water mobiization of fresh *
pyroclastice or remobilization of flow pr fall deposits.

v .

Explosion breccia: Form essentially in place or close vent,

. unstratified, poorly sorted, commonly degf¥ease in thick-
ness away from vent, may be polylithologic. Due to vent -
explosions which fragment lava, or country rocks. ’

Pyrociastic fall: Well sortéd, well bedded, no cross bedding, may show
' graded bedding, equally thick over all but steepest
topography, thickness decreases away from vent.

Sources: Lajoie (1979); Self (1982).

4
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inj§icators (Moore, 1965; Jones, 1969), but Moore (1979), and

Moore ‘et al. (1982) questioned this by showing the variables
are also comfosltion—@ependenf; Some indication of the water
depths may be garnered from tﬁe volcaniclastic rocks.
Various workers (eg; Moore and Fiske, 1969; fAyres. 1982)
héve shown that fragmental rocks will only be common when

eruptions takd place at water depths less than 500 meters.

Walker and Croasdale.(l§71) showed th;t ;yroclasti;s
'pto&ucgd where water does not .have access to the vent
(Strombolian) are éoaraer—graine@ (greater than 1 to 2
iillimeters)A p;d better sorted, than thoseuwhere wvater has
_acces$y to she vent (Surtsgyan). Stro;b0113n eruptions
usually produce beds greate; than 5 centimeters in thickness
bﬁt ‘those from Surtseyan eruptions are commonly less.tﬁéﬁ 1
centimeter }n thickness: Strombo;ian pyroclastic fragments
show éroplet shaped forms which result froh sqrfaceutension
(see Heiken, {972), but Shrtse;;h fragments ;r; bquky and ’
brolen. Iﬁ vould appe;r that water did not have access to

the‘ Cape Sg. Hary?§>_vents_ because beds are tens of

c;ntimeters thick and wusually cohtain,vell sorted lapillji

‘sized clas;s vwith spindle (tear drop) shapes:. Although the

vents wvere probably subaerial, pillow lavas below the e ) N

volcaniclast1c récks at Cape Dog show that the volcanism’

started below water. : ‘“f -
- The volcahic}astic sections at each locélity'appear to
represent single eruptive eplsodes (Figure 3>L)- as
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sedimentary breaks "or ‘evidence of reworking zere never
observed. They tend to show large thickness variations over
short distances (Chapter 2 and Figure 2.4),’suggesting that

the eruptions were small, localized and unexplosive as 1is
. \\ , * N
#common for continental basaltic eruptions.

L
*

»

3.2.2 Pillow Basalts

» . o
.

Pillow gasalﬁs occurring at’Hopeall Head, Chapel-Arm
and Cape.-Dog show excellent. éreservatio; of 1large sdalé
primary features (Plate 2.1). The iavas at most localities

' afound Chapel Arm (eg. sampling 1localities LC17, CAl8 and
PL55 Map A) and Hopeall Head (1oéality PL34) forﬁ Aormal to
'
large bun pillows (;etminology after Dimroth et al.,1978)
1ess than 1 nmeter across (Plate 2.1, sampling'localiﬁies
LCl17, PL55, and PL54), but seome larger matttess-shapeé
megdgﬁglovs are also present. Meg;pillovs as much as 4
meters across occur at Cape Dog (locality PL4O Map B).
According to Dimroth et al. (1§78), sﬁch l;rge plllows
probably formed close to the vent, an anafysis“consisteﬁf

> .
with the volcaniclastic rocks (discussed above). Pillow

breccias at Hopeall Head (sampling lcality PL128 ﬁap A) and .
near Normans Cove (between localities LC1l8 and LCl9 Map:.A),
~ {

are composed«of clasts about 8 centimeters across and occur

below bun pillows generally 1less than one meter ébrgss.

Texturally similar breccias have been reported by Dimroth et
u . .

al. (1978) from the Rouyn-Noranda area, but at -that 10cality'

i/

the breccla always overlies the pillow lavas. - -
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The - outer selvages of the  pillows are extremely

6 -

‘fine—g;ainqd, and were probably oncé glassy. Most of the
pilioug -spov “ué}l preserth concentric.cooling créck; and
“changes 1p the density and gize _of vesicles between the
center and edge;‘ The -qénters of the pillows are usually
devoid of aﬁy vesigléq. ﬂéving toward 'the edge of the

pilloﬁs,- the first vesicles encountered are large (5 mm

aciosq).jTheir éize tends to.decrease to about - d.2L mm  as

their naumber ‘inc{éaseb toward the edge of the pillows, but

-
-

the outgr'edge (lormn) 1; again free of veiicleg. As much as
30 percent of the rock‘ (by' vpiume) ;onsists of vesicles
filled with calcite, quartz, or chlorite. vMost_ of the
dmygdules are monon}nér;lic, the most common mineral being
'calcite: An-" interesting ;harhctetistic of Cape Dog pillows
(lobalities PL38 and PL39.Hap B) 1s that their cénte;s often

4

contain a éai&ty, as much as 40 centimeters across, which 1is

partially or totally filled with quartz and/or calcite. The

mingéals in ‘the cavities commonly show good crystal forms

‘betuéen one and two centimeters in length. .

Only about one: percent  of Fhe éillow lava samples
coﬂtain any primary silicate minerals. Secondary minerals
commonly observed, in Qrde? of abundance, are chlorite,
albite, célcite, sphene, ana Fe oxides. ‘Chiorite and albite’
~ form pdéudomorphs of the original pyroxene and plagipclasel
g;uins ;nd in this way the original quench, _subophitic and
rarely (pyroxéne?5~ porphyritic textures appear to be
- preserved. The ‘;enters c€ .ithe pillows tend to be

\‘.
N.

ER
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Plate 3.2 A. Photomicrograph of quenched basalt from Normans
Cove. The yellow needles are clinopyroxene grains showing a
variolitic texture. White areas are albitized plagioclase
grains and darker areas represent small patches of chlorite
and extinct clinopyroxene and albite grains. Photograph of
LC15B (pocket Map A) was taken under crossed nicols with the
longest dimension equal to 2.8 om.

B. Chloritized and albitized basalt with minor
secondary carbonate. Oval areas showing deep blue coloration
are vesicles filled with ehlorite. Light colored needles are
mostly plagioclase together with some calcite. Chlorite
together with some extinct plagioclase and clinopyroxene
form the dark areas. Photograph of sample CA45 (east side of

Chapel Arm pocket'Haz/})'Has taken under crossed nicols with
the lopgest dimension/equal to 11.6 mm. “

A
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coarser—-grained than the outer fportions: but the average
slze of albite grains is .O.i mm. In the more alteréd
samples, calcite forms irtegularly shaped patches, which
indiscriminateiy cut across the chlorite and albite grains

(Plate 3.3a).

)

A few samples of ‘the pillow lavas collécted from the
ridge just east of the feeder pipe at Normans Cove (Figure
2.1, sampling locality LC15 Map A) and some of- the gampleS'
from Cape Dog.(localities ?L38 and PL44 Map B) coniain
relict primary .mineralogy (glate 3.2). The Noémans Cove
samples show phtﬁlish-bgovn augictic pyroxenes, as well as
magnetite; bgt~.p$her. minerals, such as plagioclase are
‘altered. Ryro§gqavand ﬁagnetife iocal}y ‘fo;m a variolitic
texiure, probabiy é;hsed by-quepching of the lava (Lofgre#,
1971). These samples are also 1mportaq£ because théy tend to
have low carbonate contents. The 1low grade metamorphic
assemblage actinolite, chlorite, eplidote, and albite‘waé
observed in one of the samples, and 1ndicate; lower COy

pressures during the metamorphism (Winkler, 1976).

3.2.3 Feeder Pipes

The feiger pipes show a vatlety of rock types which can

.

be conveniently divided into four )groups: gabbros,

melanogabbros, pegﬂ%tific lqgcogabbroa, and apligie
leucogabbroa: T}pical primary mineral ﬁercentages, grain -
sizes and texXtural features of these rock types raré
sumnarized 1in Table 3.2. Primary plagioclase VII_QEV%ﬂ

-
M
®

\
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Plate 3.3 A. Highly altered basalt with patches of calcite.
The large white spots are calcite grains whereas the smaller
white laths are plagioclase (albite) grains. Chlorite forms

t the black to .deep blue areas. Photograph of sample CA1lS8
s, from Chapel Arm (pocket Map A) was taken under <crossed
P nicols with the longest dimension equal to 11.6 mm.

- B. Photograph of feeder pipe melanocgabbro showing

serpentinized olivine (yellow patches 1in ppper left portion
of photograph) and relict augite (smaller patches with first
to second order interference colors). Photograph was taken
under crossed nicols with longest dimension equal to 11.6
nn. The sample 1s from the feeder pipe 1.5 km west of Spread
Eagle Peak (sampling locality CA169 pocket Map A).

1 3







Table 3.2 feeder_pipe

textures and mineralogy.

Minerals

.

Grain Size °*

Texture

Gabbro »

Melano -
Gabbro

Pegmatitic
Leucogabbro

" Aplitic

Augite

Plagioclase
Apatite
Opaques

Olivine

Augite

Plagioclase

Apatite

Opaques

Augite
Plagioclase

'Apatite

Opaques

Augité’

60

38
<1
2

30
50

19

<1

1

14

Leucogabbro Plagioclase - 71

v’ .

Euhedral .to subhedral, some-~
times glomeroporphyritic,
zoned, twinned. -

Subhedral.to Anhedral

Euhedral

Subhedral to Euhedral

Euhedral

Euhedral, zoned slightly,
sometimes adcumulus

Anhedral

Euhedral )
Subhedral to Euhedral,
sometimes cumulus

Poikilitic

Some large and euhedral,
matrix anhedral
Euhedral :
Subhedral

Equigranular, Anhedral
Equigranular,. Siubhedral to
Anhedrdl

Mihgral percentages are.estimates in “typical" samples.

Examp}es of "typical" samples from the Norman's Cove feeder
gabbro, CA28I,
gabbro, CA28C; aplitic leucogabbro, PL7, see pocket Map A. '~

pipe are:

melanogabbro CA28E; pegmatitic leuco-~
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observed in any of the feeder pipe samples but albite

‘ pseudomorphs usually preserve original textural features.

Similérly, serpentine commonly forms pseudomorphh of a

mineral whose.shape.resembles olivine, but unaltered grains
were not ‘observed. Although priméry augite (see minerél
> chem1s;ry,‘£hap£er 4) is present 1in: most samples (Plate
3.3b), .é low Ca .pyroxené was never observed. Apatite is

easiiyAidentifiéd in nearly ‘all of the feeder pipe samples;

-however, pegmatitic” pods ., within the pipe at Normans Cove

contain Si\much as 2 percent apatite suggesting the magma

~ -

was relatively rich in phosbhorus. , N

WithC;he exception of‘sampies in clqsé contact with the
sedimentaryl‘rocks the aiteration miﬁ;ralo;y bf the feeder
pipes is noticeébly different from that of the pillow!lavas.
Calcite percen;ageb aréfgenetally low, and a very low grade,»
low pressurednmeral assemblage indicative of -pumbellxgte-
preﬁnilg', facies_ hetamorphism A(prehnité, chlorite,
actinoliée; altyite, and sometimes epidote) 1s . present 1in
most of the feedér pigeé. This assémblage is not Qegy common
in most low grade :metamorphic ‘terralids (Winkler, 1976)
suggesting that tﬁe prehnite gither postdaﬁes or predates
-peak métamorphic conditions. The mineral a;sehblage albite,
actinolite, chlofite, aﬁd epidote}‘ present iq ‘the feeder
plpe et Normans Cove/is typicai'of low grade (greenschist
facles) 'metamofphism. Table 3.3 gives a 1list of Vthe
) .

alteration minerals and corresponding metamorphic zones

(after Winkler, 1976) observed 1in six oflthe feeder pipes.

s 3




Summary of alteration minerals in the feeder pipes.

1 2 Sprgad W.Spéead. NS of 6.
Normans E.Chapel Eagle - Eagle Trans- Placént}a
Mineral Cove __Arm - Peak Peak ' Can. qu Jet.
L ]
Albite
Chlorite
Calcite
Actinolite
Epidote
Prehnite
Sphene
Quartz -
Biotite .
Hematite
Sampling

-
L

Station CA28C CA87 ‘CA164 - CA170 »CA178 - " PL211 -

- - 1

"
. L.

Ab + Act + Ch + Ep. .Zone (low grade of greenschist facies)

Pr + Ch + Act + Ab ¢ Ep. Zone (very low grade or
prehnite facies) :

Ab + Act + Ch. Zone (low grade or greenschist fac1es)

t

*

See pocket Map A for sampling stations.




‘The

during metamorphism (ﬁﬁnkler,-

presence

-

of

prehnite

shows

béidentified in any of the specimens.

13

1976).

that

Pumpellyite

pressures were low

-

e

was

82

not

3.2.4 Sil1s

: 2
» 1Y

. A

Ueli

exposedcsill at Gull Cove (sampling localities

SB6 and SB? Map B), about 50 meters thick, displays most

« the lithological, minefalo%ical and textural features found

/ 1in the thicker sills:~in fhe;uarea. These features are

summarized in Figure 3. %/and Table 3‘4 Cabbros make up ‘over’

of .the 811;\\and granophyric dikes and layers

. 90 percent
~—_ 90
' within the gabbros thel ‘remainder. The

.constitute

comgosi;ibns of most primary mineral phaaes are examined‘in

whereas the discussion here concentrates on their

N

Chapter. 4

P -

distribugion, percentages and cextural attributes. Gabbros

Ry

. in the lower half of

¢

dugite grains (Plate 3;4) which ténd 'increase .in_

.

to. size

" . ¢ .
wétjh/increasing height in the Eill, though local grain site

varifations produce the .layering evident in the»field;

N TN
o \

slightly‘in.gabbros from the middle po}tion of the sill.

These middle gabbros are cut by tHh'in granophyric éil}s and

dikes extend up to a granophyric layer that is three meters

Above this a five meter thick

-
.

thick . upper granephyre,
upper gabbro shows decreasing grain sizea’toward the chilled
margin. \

Y

of

the dull Cove s111 show poikilitic

. : \ ;
Augite grain sizes and percentages tend to decrease

L 4

(Table

L




N ,

Figure 3.2 Vertical section through the Gull, Cove 8111. The
sizes (in qun) of augite grains ﬁin the gabbroic rocks anod
amphibole grains 1in the granophyric rocks are graphically
illustrated. ‘ ; : - : ’




Black shale

1+ 4 _Upper chilled margin

Upper gabbro
/Grandphyric,layer

_Granophyric pods form where
,thin dikes.and layers cross

~

4

First appearance of qr'i‘nob',h'yric
dikes within gapbro Augite
decreases\m size and percentage.
Biotite and apatite content rise.
P <
PO
Coarse ‘uramed Qabbrd wnrh
polknlmc luglta orqms \5hich tend
to increazs ln-sizo up, 1rom the
bpso though {ocal slze fluctu;etuons
s pfoduce layerlng -~ -

PO

s

1T Chilled base
5 10 15 20

. Grey shale




Table 3.4.

1

Gull Cove Siii mineralogy and textures.

Location

Approximate?
Percentages

Pfinﬁry
Minerals

Average
Sizes (mm)

Textureg

Mafic Rocks

.1 meter from

Upper Con-
tact

Gabbrq. from
base of

%

Biotite
Augite’
?lagioclasg

1
0.5
1

‘Fe-Ti oxiaes
Apatite

_Augite-., ,
~Blotite *

granophyra to.:: 7

middrghof;‘“

_S-ill o b

From middle
to base of
sill

Layers close
to base of
Lance Cove
51114

Base.of Gull
Cove sill

Chilled con-
tact at bace
of Qull Cove
si11

“

Plagioclase
Apatite
Fe-Ti oxides

Augite
Biotite
Plagioclase

Fe-Ti oxides '
Apatite

0livine
Augite

Hornblende
Biotite
Plagioclase
Oxides

Augite
Biotite”
Plagiqclase
Fe-Ti oxides

0livine?
Plagioclase

- "Glass"

Anhedral ;.
Subhedral,
Subhgdral to

Euhedrgl
Anhedrdl to Sub—#

" hedra
Euhei’al

LS

Poikilitic -

Po{k litic to
Interstitial
Subhedral

Euhedral
Euhedral to Sub-
hedral

Poikilitic
Anlfedral
Subhedral to .
Euhedral

A Subhedral

Euhedral

Cumulus
Intercunulus,
poikilitic
Intercumulus
Intercumulus
Euhedral
Cuymulus? +
‘Thtercumulus

Poikilitic
Anhedral
Euhedral
Subhedral

Chloritized pheno-
crysts .

Albitized pheno-

crysts
Altered
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Table 3.4 (Cont'd.)

gy

Location

Primary 1

Minerals

Percentages

Approximate”

J
Average

Sizes (mm). Textures

Granophyres

\

Top of 3
meter thick

A
granophyre, 5
meters. from
~ top of sill

v

-

N

Lower half of
thick grano-
phyre

Granophyric
pods where
dikes and
thin layers
intersect

Dikes and
thin layers
within above
middle
gabbro

"Feldspar

> —~——

Hornblende
Augite .
Fe-Ti oxides’
Feldspar2
Apatite
Quartz

Calcite
l

Augite
Hornblende
Fe-T1i oxides
Feldspar
Apatite
Calcite

Feldspar
Quartz
Mafics3
Célcite

Quartz
Hornblende
Augite
Biotite
Apatite

0.5x20° . Euhedral needles
0.2 Euhedral needles
0.2 Euhedral
10 - “Anhedral
5 Euhedral
0.2 Anhedral, Inter-
stitial )
Anh;dral,,lnter—
stitial

0.2

7 ) Anhedral grains and

1 ) ygraphically inter-
3.5 )(

grown with feldspar
10 Anhedral
5] Euhedral
‘ Anhedral, Inter-
stitial - N

Equigranular
Interstitial
Chloritized
Interstitial -

. Equigranular,
: Anhedral
Interstitial
Euhedral

" Echedral
Anhedral
Euhedral

\ .
Percentages are estimates of\primary composition of samples now

altered to varying extents.
Entirely altered to albite.
Entirely altered to chlorite.

Cemulate layers not observed at Gull Cove.
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Along with augite, minerals commonly observed in all

%

gabbroic shmpLeaA1nélude‘plagioclase, biotite, apatite, and

Fe-Ti oxides (Table S 3.3, Plagioclase grain sizes remain

relativély‘%onstaht throughout the gabbroic portions of  the
{ . . M N
s1ll but" percenfage seem to increase slightly moving up

“

‘tprough the lower and widdle gabbros. The percentage and
gfgin-size of biotite and apatite rise ‘throughout the lower
and middle gabbros, but biotite percentages also appear very

higf close to therupper shale contact (Table 3.4)%

- - .

*

Olivine was not observed in gabbfos from the Gull Cove

.

FY ]
s11l but occ:}b in bands close to the base of a 8ill near

the fish ﬁié&t at Lance Cove (Plate 3.4, sampling localities

SB60 and SB61 Map B). The oqlivine forms euhedral grains
[ ' . )

which have a ‘eumulus appearance.. Poikilitic grains of

augite, hornblende, and blopfte, surround the olivine and,
' AN

also enclose euhedral plagioclase grains (Table 3.4,'Plate
3.5). Textures in the rocks ~allow the delineation -of a

crystallization sequence. 0}1v1ne-.phenocrysts probably

- L 4
‘existed In the magma at the time of 1its emplacement, and
settled out to form the cumulate layers. Intercumulus augite

then started to form, probably with the cessation of olivine

.

precipitation,’ as thé latter does not occur .as an

‘intercumulus phase and is not found higher in the sill. The

pyroxene is sometimes mantled by hornblende which-is mantled-

&

by . bioiite, suggesting . that érystéllization proceeded in

that order. These minerals surrqund euhedral 'plagioclase

-

that probably preceded then \in the 'liqufdus. Plagioclase

4
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Plate 3.4 A. Olivine Payers 1n weathered boulders from the
base of the sill at Lance Cove (sampling 1locality -SB60
pocket Map B). ' ' i :

B. Photomicrograph of a large poikilitic augite
.grain in a Gull Cove s8ill sample (SB7E. -pocket Map B).
Photograph was taken under crossed nicols. Longest dimension
of photograph equals 11.6 mm. '
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does not occur as a cumulus phase, and probably started to

crystallize after olivine. In summary,‘ the crystallization

sequence would ‘seem to be: olivine, plagioclase, augite,

4 .

hornblende,\‘biotite.

The absénce of olivime in the Gull Cove_ﬂ gill may be .
_explained 1in several ways. Chlo(ice pseudomorphs of a
mineral with olivine form occur Anear the base of the Gull

Covs 8111 and suggest that the mineral was present in minor
amlounts but  was entirely altered during metamorphism;
Alternatively the Gull Cove sill may have formed from an
already fractionated magma, less likely to precipitate
olivine. This explanation is perhaps the most reasonable
becadse it'alsc?'e;(plains :hy the s{l1l possesses an unusually
thick granophyre, (discussed below) though its. total
thickness- appears comparable to o'thers. A th.ird explanation
1s that there were differences in the mantle derived magmas
forming the sills. This explanation is not supported by the.

geocthemistry discussed Iin the next chapter.

Close to half way up the Gull Cove s8ill, the lowest
"granophyric” dlikes and layers appear (sampling locali.ty SB7
Map B). They are usually quite thin (20 to -30 centimeters),
define gharp boundaries with the gabbros, and are
mineralogicaily and texturally distinct from the wmafic
portions of the 8111 (Table 3.4). ™ Minerals observed in these

rocks, in order of abundance,‘ include feldspar (always

turbid albite), hornblende, quartz, augite, .apatite and
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biotite. - Baddeleyite (Zr02) was found in the heavy mineral-”
separate of a similar granophyric 1layer from Lance Cove

(sampling -locallty SB58 Map B) and a thorough discussion of
N

~
k]

it's conmposition, appeardnce, and {mportance is given in

-
AN

Chapter 4. Granophyric pods, orccur\riﬁg where dikes. and
layers cross, show the highest" percentages of feldépar
observed in the ' Gull-Cove’)sill..Calcite observed in these

podd may Re a late pf"-imar.yE {gneous mineral because it
3 'S "/:

¢
.

textuf‘é’lly resembkes the inters"t\itial quartz .

N -
- LT

The gré’ﬁoph;}r\é’,‘ near the top of the Gull Cove sill was
the thickest umre{}ékers thick) observed in any of the
s1l11s. Textural and mimeralogical variations between the top
and bottom of thig layér are summarized in Table 3.4 and
details on mineral compositions appear in Chapter 4. The
percentage. of felds‘par is never as high in these rocks as in
the "pods™, but >the grain sizes are the largest obsgrved.

Perhaps the most interesting aspects of these rocks are  the

textural features: of the mafic wminerals. At the top of the

-layer pyroxene and amphibole grains form euhedral mneedles:

-~
over : one centimeter 1long (Plate-3.5). In samples from its

base, thes’é“u‘xin’evrals are sometimes graphically 1ntergro¢:'n
with ‘feldspar, .or form euhedral grains, and anhedral
interstitial grains. In some <cases amphil;o"l'e o‘ccurs -as
"reaction apo.ts" - thtjouvghout Vthe large pyroxenes. Slmllgi:
"albite-diabase pegmatites” have‘been reported'- from a

1]

differentiated diabase - 8111 {in Sierra Ancha (Arizona) by

Smith (1970).




Plate 3.5 A. Photomicrograph of olivine bearing sample from
the base of the sill at Lance Cove (sample SB60E, pocket Map
B). Olivine occ¢urs in the upper right—-hand corner of the
photo, biotite 1in the lewer right cormer, and amphibole
mantles an augite grain in the lower left-hand corner. All
other minerals are secondary and consist primarily of
fine-gratned chlorite and albite. Photograph was taken under
plane light with the longest, dimension equal to 1l.6 - mm.

. B. PhotomicTrograph shoi’ring several amphibole
grains 1in a Gull Cove s8il]l granophyre sample (SB7L pocket
Map‘B)v. The, brown hexagonal form represents a cross—-section
through a needle-like anphibole grain, at right angles to
the c axls. A large interstitial quartz grain is shown below

a zoned (yellow-brown to faint green at the edge) amphibole.
The remainder of the photograph 1Is mostly albite. The
photograph was taken under plane 1light with the longest
dimension equal to 11.6 am. : :
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With the observation that olivine and quartz quﬁr‘in
the §ills,-low Ca pyroxene (hypersthene or lpigeon%;e) is
also expected, but was qever' observed. Horqblende.»anﬁ
bioti;é do occur,‘ana it 1is pdssiple that these’Amine:als
took the place of hypersthene 1in the crystallization

’

‘sequence.

All  of the sill rocks show - a certain amount of
alteration; The two most common alteration minerals are
‘albite and chlorite which make ﬁp ozer 90 perceht, of some
samples but 1less than 10 percent of ;thers. The éeidspars
are commonly altered to albite; and’ in some cases Lo
prehnite, though primary plagioclase (An 40 to An 80) was
observed 1in maAy gabbroic §amp1e§ (Chapter 4). Of the maffc
minerals olivine and biotite seem most susceptible to
alteration, primarily to chlorite. Some augite rémains
uﬁalt#red in most gabbroic samples but when altered usually
forms chlorite and sma;l amounts of actinolite. The wmineral
assemblage chlotite, #ctinolite, prehnite, and- albite,.

occurs in all of the gills and 1indicates very low . grade

metamorphism (prehnite =~ ©pumpellyite facies) at pressures
. It

~

less than 3 kilobars (Winkle&,.l976).

3.2.5 Dikes

Most of the dikes are highly altéred, .with no original ’
minerals remaining, and show the mineral assemblage albite,
chlorite, calclte, sphene,'and Fe-Ti oxides. Dikes of this

description are wusually found cutting Cambrian shales and




7

limestones (eg. loclaity SB26 at St. qu&éstMip‘BL. Where

the dikes intrude sedimentary rocks beloyi the Bonavlista

o
. -

Formation (Table 1.3), which are genetally morg,arehacé&ud;

Bl -~

they tend to contailn less calcite and sometidés shpu%théblow

.t X " TN -
grade metamorphic assemblage epidote, “chlorite, albite,
. r 1 b ol

’ .

actinolite and Sphené (eg. locality SB66 gabtickES‘Cove'Map

' . .
B). - . ) . o . e ) R
. . . . . a .

T

i
.

The oﬁly primar& pinetals“presenf in ‘the least »&1tered
dikes ate> higg Cg clinoéyroxene,‘and pl&gioclasg‘,oiiyiié
anJ low Ca pyroxene were not obse;ved’In any of éhe. dikes:
The purp?ish‘ color of " the pyroxenes, 1ndifate§ h;gh Tt

’ ' v
content, which is confirmed by analyses .presented 1in " the;

next chapter. {}rimary blagioclase grains show comeositioné
around An604, though the minéral is ’u;gally altered t;‘
albife. Ths dikes consistfof 40 to 50 percent’aug}te} with
';ost of the rest of the rocg plagioclase, an; display: an
aphanitic and sometimes por?hyritic texture, with groundmaés
, .
grain sizes between 0.25 tbo 0.75 millimeters. /Apb}ox}mately
40 percent of the dikes, K show }eldspar phenocrysés usually- 2
to 3 mi;limefgts long, but crystals in a dike ép Patficks
Cove (;amplihg .locality' SB56 Map B) average 2 centimeters
and are as much as 30 centimgters in léngth (P}ate 3.6): Tﬁeﬁ
phenocrysts are congentra;ed in the cther of the dike,
probably as a result of flo;age dif ferentiation as describeé
. by Bahatbacharj1  (1967) and Komar (1975). Thesa feldsbar

phyric dikes, ’though they appear to’ have simildr

orientations to the aphyric dikes, c¢cut the latter at
\
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Patricks Cove.  } Several samples appear' to have calcite

\
filled amygdules approximate1y~0:3 millimeters in diameter,
/S . . i :
thdugh "these c?uld be highly altered feldspar phenocrysts.
-Petrographically similar rocks have-been reported by Wilton h

(1976) on the Burin Peninsula, and by Jayasinghe (1978) from

the shores of Bonavista Bay. ‘ o~

3.% NEW BRUNSWICK

-

'3.3.1 Beaver Harbomr Area

4

As disCussed}in Chaptef 3, the volcanic rocks at Beaver

~ T

Harbour  (Figure 2.2) comprise two pnicif The pyroclastic

"unit (€2) shows ssmevltextural and mineralogical changes
- ) . . . o

~

between the bottom and the top. At the base the unit 185 ¢y

compos%d'of beds éveraging 0.5 m in thickness, with clasts

, - )
usually 1less than 4 cm in apparent longestg dimension. ‘These

. . \ .
vesicular, usually 1lapilli-sized, clasts constitute 60

percent of most‘s§mp1es, and are sufrounded by coarse ash.
The vesicles in eacﬂ clast'are'less than 0.5 mm across, .and-
tend to bg .round in the center and stretched out at. the
edges of ;he,élasts. The vesicle shapés together with the

oval appearance of the-clasts sugﬁest that the unit formed
] . . - '

- Y
o

subaerjally. N \\. : -

Minérals present in the samples include hematite
A
(approximately 351) chlorite (10%) calcite (30%Z) and sphene

(2%)+ Theseqare probably all -secondary but it 1is. possibdble

that the, bemétite was produced by oxidation at the time ofN'
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eruption. ’ Hematite tends to outline the «clasts and

- -

vesicles, wheread calcite and occésionally albite ‘or '

T -

chlorite fillvthe*vegicles.

«

.The matrix bevween the clasts is

-

recrystallized, and consists predompnantly of albite and

= € -4 o

Sy :
hematite to§ether with sbme chlorite .(5Z) and calcite (20%).

3! 2 4 s I - - ' R
Primarye«textural features of ;peArocks,”appearf to be ~well

- » .y »

> - ! . N
preserved by the alteration mineralogy. . ™ - .
: : ~ ' .

Higher 1in ‘lunit C2 (20 m) the beds tend to decrease, in
c, )
thickness, in some cases to only 'a few @1llimete}s, and

-
i -

clast 'sizes debdrease to several millimeters or are absent gn
: e * - - .
ash beds. Perhaps Fhe most important change from the basal"
o p .
! - (>

samples 1s the appearance of plagioclase phenocrysts fnow
. & - .
. . {

albite) both 1in the matrix and within lhe clast$.(P13te
_ad B

Y

3.739. This mineral also makes - up a fine-grained matrix

- ]
between the phenocrysts within the clasts, and constitutes,

~
~ 5

&0 percents,of some samples.4_1n the red colored .samplés‘
- r

hematite 1% present (less than 30%Z) buts it is totally

s )

replaced hy chlorite in the greenieh rocks at the top of the

ssection., Calcite comprises between 10 and 30 percent of most

‘ « - .

samples {(Plate 3.7).

' The massive flow (C3) 1is alsoarich in plaglioclase, now
S ‘

o
]

altered to albite. Phenocrysts 2 mm across, which sometimes
show traces of priﬁatybigneoué zoning, are surrounded by
matrix feldspar (Plate 3.8). ‘AQI of the primary mafic
minerals are alfe;ed to chlorite,  but the 1low calcite

content of these rocks (<10 2) which\is concentrated along

- ' .-
-
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\ -
i
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Plate 3.7 A. Photomicrograph*of ajlarge hematite-rich clast
in a Beaver Harbour vocanitclastic sample (BHR3 Ffgure 2.2).
The black-1s mostly hematite, and makes up most Wf the clast
which also contains "#9bitized feldspar phenccrysts. The
matrix surrouding the clast (upper right-hand-portion of the
photograph) . consists ~of ~+fine-frained recrystallized
plagioclase (albit¥e) with, some hematrfire (black spots).
Photograph was taken under crossed nicols with the longest
. dimensfiod equal to 11.6 mm. ‘ - :

: , B. Photomicrograph of hematite-rich volcaniclastic
sample. (BHR3 Figure 2.2) with high carbonate contert. Oval
to,round shapes in the hematitic <clast to the 1left are
‘vesicles filled with carbonate and/or albite. Calcite _makes
up the large yellow to white pdtches as well as’most of the
fine—-grained < material of the same color within clasts.
Photograph was. taken under crossed nicols with- the longes$t
dimension equal to 11.6 mm. -

-
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-

small fractures gives’ them a relatively wunaltered
appearaace. Some outcrops of“ﬁﬁis unit, particularly clgse
to the faulted contacts .arq-tectoﬁically brecciated into

fist sized clasts with calcite’ filling voids between ‘the

-

clasts. .

3.3.2 Lowg Reach Area
N~

“
t

Felsic Pyroclastit Rocks - N

The felsic rocks in the ﬁong Reach area (Figurev2.3)
s

are entirely pyroclastic and display well defined B%Jding as
a result of variations in clast size and color. Individuai
clasts are typlcally 10 hillimete?s by 2 millimeters in
size, are wusually well sorted, ‘and commonly appear
fl¢tte;ed,,erldspar phenocrysts, 2 to i milgﬁmeters long
occur in the clasts and in the ash matrix where shards a:e
difficult to see as a. result of rgcrystalliiation. The

percentage of phenocrysts in the matrix (15%) 1is equal to or

exceeds fhat in the clasts.
: - )

Apart from the fdldspar phenocrysts,. which are now
entirely albite, the ‘samples consisg mostlx of extremg}y
small (0.0F mm) grains of quartz and albite with hematite
forming thin conti}uous lines or spots thto;gh the matrix,
and around‘clasts. The hematite makes up 1less than 10
percent of each s#mple bdt gives the rocks their bright

raspberry red color, Chlorité is of minor importance.

3
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There are some textural and mineralogical variations

related to height 1in the section. The perc;ntage of . angular
clasts that «contain «clasts themselves wmay 1increase up
through the section. fhe mineralogical composition of all
parts of these clasts is the same as the surrounding rock, so
they probably represent pyroclastic material that solidified
clése to the vent and was torn apart later in the erupgion.
The percentage of ash (matrix) appears to increase ffom 35

-

percent 1in the lower portions df the sectipn to 60 percent

near the top. The ‘'slze and pérceytage of feldspar

'phenocrysts also tends to increase up through the section.

Quartz grains appear near the top of the section and may be-

.detrital in origin. Clasts of foreign (sedimentary)

‘composition were noted in omnly one of the samples.
Mafic Rocks

Basalts from Browns Flat and Beulah Camp (Figure 2.3)
show a fine-grained _texture with groundmass feldspar (now
albite) less than 1 mm 1in 1length and auglte, the only
primary mineral A which survived metamorphiém, of similar

»
size. ‘A subophitic texture 1is preserved by chlorite an&
albite pseudomorphs of pjroxéne and feldspar. Vesicies, when
present, constitute 1 to 15 percent of the saméle, are

’
always less than 5 mm in - diameter, and show chlorite or

locally quartz fillings.

The mafic extrusive rocks at Browns Flat and Beulah

Camp form two mineralogical groups; one with feldspar
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phenocrysts approximately 2 mm in size that make up 10 to 15‘
percent of the rock (sampling localities GWD&4 to GWD7, GWD;
and GWD10 Figure 2.3) and oné without feldspar phenocr.ysts
(herea’fter termed ~aphyric, sampliné localities .GHD8, GWDL1 .
and.GWDlZ' Fiéure 243). Augites In the former group display a
purplish pleochroism but in the latter they show only. faint
coloratioﬁ (Pl‘ate 3.9).‘ Augite ph’enocrysts,A commonly 5.0 mm
\across," twinned, relatively colorlle_s.sh and '\sometimes
glomeroporphyritic, occasionally occur in the feldsp‘ar
aphyrric samples r(Plal:ev:f_ 3.9). Another phenocrystic phase,

- possibly olivine, forums chlorite pseudomorphs rimmed by

-hematite in .some samples.

¥ . “ ' /

'I"h‘e ;nafic volcanic rocks at Gréenwicf\ Hill (sampling
lovcélicies GWD20 to GWD25 Fiigure 2.3) show colorless augite,
and plagioclase (ndw albite) measuring.aboht 0.05 mm. Augite
phe"nocryst.s: le'ss than 0.6 wmm in size make up less than 1
perc.ent" of the, rock. lf'lcCl;tchéon (15815 suggeste;i that
chloritﬁe 'spot-::s in the samples may represent altered 64]'.1yine
-ph:é:no’crystsﬂ. Samples from : the wunit show very 11itcle
min'e,talog‘ical.or te‘.xt’ural vaxzia'tion- suggesting‘ 1t.'cou]‘.d‘be a

thick flow. A dike cutting red beds below the flow (?7)

(locality GWD26 Figure 2.3) was probably not a feeder to the

-

latter because it contains 3 to 4 wmm fﬂeldapar phenocrysts

*(altered to albite), .and augites with a purpiish hue. The
‘ . . e .
massive unit shows similar petrographic characteristics to

the aphyric bagalts at Browns Flat and Beulah Camp, where as

the dike resembles the f-_el,d"spa'r_phyricr basalts.
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Plate 3.9 A. A large twinned augite phenocryst in one of the
- feldspar aphyrie basalt samples (GWDB Figure 2.3) from the’
Long Reach area. The matrix paterial around the phenocryst
consists of very small grains of augite and plagioclase
(albite), which form the light colored areas, - and chlorite
.represented by the dark areas. Photograph was taken under’
crossed nicols with the longest dimension equal +to 11.6 mm.

altered
The high
black

B. Photomicrograph of one of the least
feldspar phyric basalt samples (GWD9 Figure 2.3).
birefringence areas are augite grains, deep blue to
areas
and clinopyroxene, and the remainder of the -photograph is
mostly albitized feldspar. Picture was taken under crossed -
nicols with the longest dimension equal to 11.6 mnm.

v .

t

\ 4

R

are chlorite grains together with extinct plagloclase.-~
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Alteration minerals comm‘only observed, though not
. necessarily present 1In every sampld of the Long Reach

volcanic rocks, “include chlorite, albite, gpiaotle, ‘

-

actinolite, calcite, quartz, sphené, hematite and possibly
prehnice, but 1in terms of volume, chlorite and albite are
the dost 1important. The® mineral assemblage chlorite-

actinolite~epidote-albite, which indicates low grade

~

(greenschist facies)‘metamorphic' conditions (Winklér, 1976) .
’ ra

was observed 1in one of the samples.:
>

3.4 CAPE BRETON, NOVA SCOTIA

-

h ]

The followin'g summary of the Ca;r>ev Bréton_rgcks is
primarily fro;n Cameron (1980) who showed that the Bourinot
Group c;)r_l'sists of volcanic rocks of basaltic and rhyolitic,
composition, comprising a bimodal auifel. The.b_as‘alts‘have a
secondary mi’neralogy.- consiséing predominantly of chlorite,
epidote, zolsite, <calcitey actinolite, . prehn}te, and
po;;aibly pumpellyite, which are sugg‘estive of very 16w grade
.ﬁxetamorphism. Relict augitic i)yroxene, with a purplish-brown
cé;lor, occurs In some . samples and is the only 'unai‘te\red
primary mineral. Analyses V\‘o\f these pyfoxenes were mad,é' for
t;his study and are discussed in Chf‘pter S. The Vbaaa'lts are
typically aphanitic, and ' sdmetimes contain vesgicles,
commonly filled with' calcite. The rhyolites are usually
fine-grained as well, and in‘placea éhow f‘low banding. They.
are generally composed of quartz, K-spar, and‘ plagi‘o'clase,

with the latter now entirely altered to aljbi.te. .




CHAPTER 4 GEOCHEMISTRY OF LOWER PALEOZOIC .
o AVALON ZONE ROCKS

F

4.1 INTRODUCTION

- In this chapter tﬁe geochemical characgeriatics of the
Middle Cambrian _ba;.al'tic flows, and their probable feeders,
as lwell .as Silutian sil11ls and Devonian (?) dikes from the

'Cape St. Hafy's sfudy area are éxamined.' Also discussed are
deer to Middle Cambrian basaltic pyroélastic rocks from the

Beaver Harbout area and  Lower Cambrian, ‘mafic flows and

felsicv‘gzroclastict rocks from the Long Reach area in New

Brunswick. The geocheﬁical cha;acieristtcs of Mi&&le
Cambrian mafic -and felsic rocks from €ape Bre;dn Island 1in
Nova‘ScotLa (Cameron,‘1979), Eocambrian basaltic‘tocks from
central .Norway (Furnés et al., 1963), and Upper Cambrian
basaltic rocks from Pbland (Baranoﬁski et al., 1984) are

-

briefly reviewed for comparative purposes. New data on the

composition of pyroxenes from the Cape Breton . basalts are/

>

also presented. The effects of low grade metamorphism on the
Avalbn» Peninsula and southern New Brunswick rocks are

discussed prior to, the primary geochemistry, b?Fn4§“1XW Fhe'

Beaver Harbour pyroclastic rocks and Avalon Peninsula flows
' - R

are ¢guscussed in detall.

.

- Regresentative whole-rock and mineral analyses for each

i

rock group are given in text-tables, but complete listings
g ’

of all data are givep 1n Appendices B and C. Analytical ™

techniques, precision and accuracy are discussed in Appendix A.

- L
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4.2 CAMBRIAN FLOWS AND FEEDER PIPES

4,2.1 Alteration Of The Flows )

Recent studies  of eiemeng mobility durihg low grade
métambrphism of mafic flbws;have shoég that even elements
such as TI1, ar,rﬁb;’P, Y and the rare ea;th‘elements (REE),
commonly considered immobilé (eg. ‘Pearce and Cann, 1973;

Floyd ‘ané Winchester,1975;‘ Winchester énd Flo;d, L976,v

. 1977), wmay ih'actu;l fact be .very mobile (eg. Vallance,

y 19745 Floyd, 1977; Hellman et al., 1979; Hynes, 1980). One

) — ‘ approach to; ﬁete;mining the effects of low grade
metamoréhism on element <oncentrations 1s ‘to identify-the

primary or'pa;ental.composition of-the rocks involved (cf:

‘Hellman et al., }1979) and then acco?nt for valume changes

. which- mgj .h;ve_ takig place 1in ‘the the altered rocks

(Gresens, 1967).

Some studies (eg. Hellman et al., 1979) vere basea on
ihick‘flows with frelict:r(ielatively unaiteréd).focks from
‘khe cenfersA of ~ the floys ag the parent composition, and
these rocks wefé compared with the _Qo?é alte{ed ‘gxcérpal

portions of . the flows. This may be a poor approach since

2 ~':'_ . v thick flows of fresh basalts often show 1large varidtions,in" 7 ;

’

élement compositions as a. result of differentiation as the

- ~

'floﬁ cooled (eg« 'Bgsaltic Volcanism Study Project, 1981,

“p. 117). 1In thig'fespect the‘Céﬁbrian basalts, particularly

.
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from the shores of Chapel Arm are well suited to this type

of study because the flows are not very thick, and in most

cases consist of quickly cooled pillows, all of which wére

produced by at most two extrusive events. A

Another ée;khess of'thése early studles {s that the
relict rocks nearly alﬁays co&tain'a;certain percentage (20
~percent or mpre) of'alteyation mlﬁerals. These rocké may not
represent tﬁe primary rock comp&sition; but they should éiv{
fhg.best qvailable’éstimate of. that CQmposiiions In thi?
study- these samﬁles'are referred to as-the “least glteréd"

samples.

Most studies of gleﬁkﬁt ﬁobiligy fn mafic’;ocks fail to

take 1{into account yoldme changes during metamorphism.

oo
particular elements” may arise
.' - . ’

Apparent lésses ‘or gaias of

v

from a volume increase .or decrease, respectively, and can

result' in erronedus ..conclusions,

«

siné 'he latter must be .-

accounted for (Grésqns, 1967){;An:apprdach-to ‘this problenm

suggeséed by Gresens (1967), which Involves usipg:chéngeSufn‘

.

‘the rock deniify: to Fé;gmate tﬁe vo1ume modification, is

used” in this study.
]
Presentation Of Data
. . . @ .

A Eotal’of 45 samplesuwere analyzed for thelr majar and

trace element concentratfions with "the following breakdown

‘according . to. lobality:. Chapel Arm, 22; Hopeall Head, 5;

Placentia Juhétion, 4; Cape Dog, 9; and Hay Cove, 5., - In




.

7 " .
addition some samples from each localit; (18,5, 5, 1, 5,

order as above) were analyzed solely for their trace element~ s -
A " . - <

concentrations. The following discusslon - concentrates on

_ : . S, ‘
documenting the alteration effects in. the Ch&pek Arn flows
5 ) :
because several samples of these rocks are the leiast dltered
"of all the Cambrian flows. They contain little carbonite or

chlorite, show. excellent preservafion of primary'igneouq
N . . : : . 4
‘tanuiea’”aﬁﬁ*tonta{n“hrimafy pyroxene which 1s" laggely

-

unaltered (SEe petrography discussion C\apter 3).

3

" . . 4 v \ [
The major elemént and tracgvelement cdncentrations in ",

"seven meta-basalt samples from Chapel Arm*are given in Table

- -

4.1 along with one andlysis from PlacentiaalunctLOn Sample

-z ’ . .

LC15A “represent§ wone of the least altereq samplés as
- discussed abowe whereas CA4S shovs altqration of all primary
- or | "'-

nafic minera;s to chlorite. Higher loss on ignitfon values

4

(LOI) in the remainrng samples correapond to higher calelte

‘\

"contents. ) 4

The Chapél'Arm analyseé show apparq&f decpeases 1in
nearly ‘a1l major and trace elemente with 1ncreasing LOI the

. > .
most important exceptions being CaO, Ni Cr, Sr, and Z%h.

These ‘observations do not take into account the - volume

i

chdnges which mhst h&ve .taken place;.'given the largi

varfations in LOI and specific gravity (Table4.1). Following
\ . » )
Gresens (1967) it may be shown that

P B, AycB _ch
Ev(g /g )Cn CP
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3 ‘where f_ = the voiume factor ‘ ,
n- A v o L
> s -
5. A : . T
g = specific gravity of the parent rock Ry
SN B
S - g = specific gravity of whe altered rotk
- -
-Cn = concentration of component n in the parent rock -
» ! - »
Al > A - .
¢ C  concentrationyof component n in the altered rock
Xn = amount of compenent n lost or gained .
. The equation was rearranged and solved for fv assuming
X =0 for each component, Using LCl15A as .the patent,
N
‘ -beciiigy/ft is probably least alter;d of all thg samgles, fv
. .
i values were calculated for samples CA45 and CA37 (Figure
- - : . s
4.1) which represent the “vo ends of the alteration spectrund,
- o 3 “ : -
(ie. chloritized with mingr calcite and chlgritized with
. \ h ’
- - abundant calcite). In the ¢ase of CA4S5 many elements cluster

-

between fv values of 0.9 and 1.5, and in the middle of the

‘clister are A1203 and Zr with fv values of 1.01 and 1.05

»
respegtively. These " two elements are often considered

immobile and 1f we aBSume‘th;t the distribution of points in
. N .

4.1 due to the removal

. Figure is of some elements and the

~ addition’of othirs, their pos}tibn in the wmiddle of the
distribution suggests that they 'were neither added nof‘l

sgbtracted from fhe rock gGreaens,' 1967). Elenents'uQIth

- “higher £ values were removed from thée rock whereas those
: v . . - ~

_with iowér volume factors were added during metasomatism.

2 . A ) ..*‘ .- . . \
Assumiﬁg a volume facto® of 1.01 (a1 percent increase in

'

-~

-~
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Table 4.1. Major and trace element concentrations in tambrian
meta-basalts. N P
LC15A CA4S PL57B  CA42C CA58A  CA37 CAS7 PL150,
a7

»> ‘ ’
$i02 51.60 49.70 “45.40 47.30 41.80 42.10  27.30 52.50
Ti07 2.60 2.44 1.78° 2.18 1.78 1.82 = 1.47 3.61
A1703 13.30 '13.20 12.20 12.10 * 10.00 9.94 9.77 12.30
Fez03*  11.00 11.31 9.29 10.67 8.94 3.64 6.60 10.54
Mn0 “0.21 0.52 “*.0.22 0.42 0.21 0.11 0.51 ° 0.07
Mg0 6.08 6.73 7.76 3.39 5.29 1.96 1.80 7.25
cal’™ 6.42 4.59 8.46 9.8, 13.50 17.88 25.38 2.92
Na20 4.11 3.19 ° 2.57 3.35 2.93 5.07 3.62 3.08
K20 1.96 0.02 0.05 0.02 0.06 0.20 0.07 0.12
P50s 0.52 Q.44 0.95 *0.37 0.47 0.48 0.42 0.60
L.0.T 2.90 ,7.40 9.86 10.03 18.50 16.10 21.71 5.88
Total 100.70 99.54  98.54  99.67 98.48}' 99.34 ' 98.65 98,87

)
Ga 21 20 . .20 18 20 6 13 23
Sr 345 118 334 147 272 326 359 226
Ba 1075 144 260 161 165 242 80 281
Rb 21 0 1 1 4 3 0
Zr 205 196 294 175 163 161 168 473
Nb 47" 33 52 . 28 38 36 31 97
Y 29. 26 33 24 19 .18 22 36
v 214 250 220 200 181 120 131 148
cr 75 226 101 154 315 141 140 236.
vi 49 128 109 139 260 125™ 145 187
Cu 56 39+ - 43 37 33 0 13 36
Zn 109 96 112 210 - 100 37 106 132-
.77 2.78 75 2,717 2,71 2.77

Density* 2.79

[

>

‘ @
Major element concentrations in wt. percent.
Trace element concentrations in ppm.

Density in ghec.
Sample locations:

LC15A<to CA37 - Chapel Arm
PL150 - Placentia Junction
) PL53B - Hopeall Head

See mapin pocket for -precise locations.

Fe203 = total Fe.
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Figure 4.1 Volume factor diagram for three Cambrian basalt
samplesﬂ The diagram shows the volume change (f;) necessary
to account for the concentration of each element 1in three
safiples assuming LC15A was the parent rock. Sample CA4S had
most of its mafic minerals altered to <chlorite but shows
very low —carbonate contenk whereas sample CA37 has a high
percentage of calciteT Samples LC15A CA45 and CA37-are- from
Chapel  Arm whereas sample PL150 is a <chloritized
volcaniclastic sample from Placentia Junction:

v
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" LC15A to CA4S.

. o 116
vo{ume) equation 1 in Table 4.2 summarizes the alteration of

- e

3 LN
Y rew - 4
e’ -~

Using the .ame procedurté® for <CA37, a calcite rich
. ; L -~ s
sample, the datal~sﬁow a similar distribuwion but with
. y N e .
clustering at ~higher f values. - As with CA4S, A&()3 and Zr
. v - . -

i N

‘ fall in the center of the graph with factors of 1.38 and
A . N .

- : . -y .
1.31 respectively. Assuming constant Al and fv equals 1.38

N

.(38 percent volume -imcrease) equation 2 1in ‘Table 4.2
p ;

7.5 to 9.99 etc.). Flgure 4.2 expresses changes in the

summarizes additions and subtractions from the rock.

¢

- o ‘ ¢
Individual sample pairs for the entire suite of

mefﬁrbasalts could'be compared in this fashion, but a more

@

concise approach, which allows averaging of samples within

specific LéI ragges is shown 1in Flgure 4.2. Assuming Al
rémained constant in each sample, all element concentrations
were divided by A1203, and the rgsulting ratios compared
wi;h those i; the 1eagt altered‘ basalt samples (LOI' less

than 5 wt.. Z). The samples were placed 1In groups

representing increases in LOI of-2.5 wt. % (ie. 5 to 7.%&,

: . ’ %
ratios between the least altered samples (parent rocks) and

the altered rocks as a percentage of those 1in the least

‘alt%red samples. Positive values indicate that the ratios

1n¢;$ased, and that the element concentrations increased,

Q

- ) e . : iy
‘negative values imply the opposite. Note that the.ratios of

a few elements (Ca, Mn, etc.).‘are divided by‘10'€3'allow

plotting on the same diagram. The elements are arranged in

»
1

~




Table 4.2 Alteration equations - Cape ngﬁMary's metébasalts. 1¥7

Assuming A1203 remained constgnt.

0.39¢g F203
+ 4.56g LOl + B.0 mg Ni + 3.8 mg V

1. 100g LC154

+

+ 0.31g Mn0 + 0.70g MgO

+ 15.3 mg Cr ‘ -

98.89g CA45 + 1.52g 5i0, + 0.14g Ti O + 1.80g Ca0

2

0 + 0.7?g 9205

2

nv - . + 0.90g Na,0 + 1.94g K

2 2
.+ 22.6mg Sr + 0.3 mg Y + 0.8 mg Zr

+ I.A'mg Nb + 1.2 mg Zn + 1.7 mg Cu .

T

+ 93.0 mg Ba
£ = 1.01
v

0.05g Si0, + 17.50g Ca0 + 2.67g Na,O

2

505 + 18.64g LO%’r’ﬁfT—;g_E;‘

+J1.0mg Zr + 0.1 mg Nb + 11.8 mg Ni

+

2. 100g LC15a )

v

+

0.12g P

+ 11.4 mg Cr

+ 6.08g Fe203_+ 0.06g MnO

0 + 1.7 mg Rb

127.53g CA37 "+ 0.16g Ti0,

+ 3.46g Mg0 + 1.69% K,

+ 0.5 mg Y + 5.9'mg Zn + 1.6 mg Cu

o el

+ 75.1 pg Ba + 5.3 mg V + 1.3 mg Ga
] -

;,F = 1.38

o .

3. 100 g LC15a + 5.17g $i0, + 1.30g Ti0, + 0.40g Fe,0 .

2 2 273

+ 1.76g Mg0 + 3.46g LOI + 1.O0mg Y

2

.

106.09g PL150 + 0.13g MnO + 3.26g Ca0 + 0.78g Na

+ 1.83g KZO + 2.0 mg Rb + 10.1 mg Sr

B + 1.7 mg Cu+ 77.1 mg Ba + 5.4 mg V

f =1.09 ’ ) o =

v
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three gtoups;~the alkaline earth and alkall metals, elements

commonly A‘considerevd immobile, aad the tranmsition and

-‘chalcophile elements.

With reference to Figufe 4.2, ‘those shamplé's with "LOI 1in’
the range 5 to 7.49 (LLOI samples) are generally depleted in

Ca0d, MgoO, 1(20, ‘ Sr, Ba, and Rb relativee to the “parent |
samples, by‘ as much as 100 percent. The _lmmﬂdbil‘e" elements
'piot very <close to the baseline 1in the LLOI samples.

Elements 1in the third group tend to be enriched, -in some

cagses more than 100 percent (eg. MnO, Cr, and Ni). .

The addition of carbonafe, 'as, indicated by an 1increase
in LOI, most affected the alkali and alkaline earth metals.

Compdred to the LLOI samples, tlyése with high LOI (HLOI) are

enri‘chedv in NaZO, Ca0, and ég,' but depleted in MgO.

Potassiu'm, Rb, and Ba show little or no relationship to the

éddition of carbonate, as 1is the case with all of the

+

immobile elements/’ qhd generally true of the transition and

chalcophile elements. -

Samples from Cape Dog vere treated in a similar "manner

with all e1ement/A1203- ratios related to those in the two
least altered Cape Dog sampl}ea which show an average LOI
value of 4.1. The diagrams (Figure 4.3) are easéntiallir»

identical to those for Chapel Arnm samples with -the following

'

exceptions. Sr does not increase with the addition of

carbonate and Cr and Ni do not show as much enrichment

- -

(relatiire:to the. least a"ltgred-samples) as in the Chapei Arm

e .

< | N




/
Figure 4.2 Diagram showing the effect of metascmatism on the
concentration of various elements in Chapel Arm lavas.
Samples were -grouped according to . their LQOI yalues and
compared - with - the average of the two least ‘altered samples
LCLl5A and LC15B. The nuimber of samples 1in each -group is
shown 1in the wupper. portion, of the 1left rectangle. The

diagram assumes that Al O was immobile. See text for
discussion. Y ’ -
i} ;
1 4 "
N [}
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Figure 4.3 Diagram showing the effect of metasomatism on the
concentration of various elements in the Cape Dog lavas. The
diagram is the same as for the Chapel Arm samples except
that the least altered samples are PL38C and PL44 from Cape
Dog. See text for discussion.

-







123
samplés.' Lastly, the. transition and chaieqphile elements

show a greater tendency to decrease with the addition of

carbonate than they did in fhe,Chapel Arm samples.

Tﬁe volcanic rocks at Placéh}ia Juncfion représent the
mést soﬁfherly extension of thee flows and volcaniclastic
rocks which start at Chapél Arm, fhough they are éepgrafed
from the latter by a series of faults. Iy 1s reasonable to
assuae . that these rocks were originallyvsimilar to those at

Chap Arm.. But a comparison of sample PL150 with LLOI

/.

samples from Chapel Arm shows some ilmportant differez?bs.‘ln

particular the “1mm§bile" eléments are all enriched. The

'

volume change néceséary to*'genéréte the toncentratipns
observed {in PL150 'frpmlthoseE§£1£15A1‘Vh11é constraining

gains and losses of each element to-O‘a;e- shown 1in ‘Figure

~

4.1. As with the Chapel - Arm samples Al plots in the middle

of ‘the graph suggesting 1t was.immobiie,,anﬁ that there was
. . - . ‘
a 9 percent (f, = 1.09) volume increase. '

'S ) . -

-

Assuming that A1203 was 1ﬁmob11g, equation‘3_tn Table

4.2 relates” LC15A to PLI50 - in terms of additions and

su@?}ﬁftions ~through metasomatism. Note the large gddifions

of Tio0 Y, Zr,'Nb; and the extremely ldrge remoyalQ of CaO

2)

-

necessary to balance the equation. S . .

Samples - of the wvolcanic rocks from Hopeall Head also

/shov high concentrations of the "immobile” elements. This 1is

shown in Figure 4.4 where the concentrations of éiements

)

divided by' A1203, at .ﬁarious.LOIvyalues; are compared to




‘Figure ‘4.4 ~Diagram showing the possible effect of
metasomatism on.the concentration of various elements in the
Placentia Junction aand Hopeall Head .- samples. Because
relatively unaltered samples were not recovered at either
locality the altered rocks were compared to the two least
altered samples from Chapel Arm, LC15A and LC15B. The number .
of samples in each LOI group is given in the left rectangle.
' See text for discussion. ‘ ' : ‘
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ghose in the Chapel Arn ‘basaltsl The patterns for the

Placentia Junction and Hopeall Head samples are sinfilar to .

>

those for Chapel Arm (Figure 4.2) with/a few exceptions«

e - 4

Strontium, Rb, and Naéo show large flucbuations with
increasiné LOI. Rb tendsjfé increase with 1nt£;asing LOI bd£¢
Na,0 shows no overall. trend. ‘%§p71n tﬁe LﬂOI Chapel Arm
samples, most of the trénaition~ aqd chalcophile elements

tend to be slightly (Fe, V, Zn) to_strQngly'enriched (Cr,

Ni, Ga). Manganese concentrations 1increase

»
with 1increasing LOI but most q}ements show little or no

shbstantlally~

correlation with LOI..

The most 1mportant difference between the Chapel Arm
patterns (Figure - 4.2) and those for Placentia Juqction'and

Hopeall Head are the undaually .high concentrations - of ‘Y,

Tidz; Nb, Zf, and P205 which show increasing enrichment i;
tﬁat order. The amount of enrichment does not éppear related
to Ehé LOI vaiues but an increase or decrease of one element
between LOI grdups tends to parallel qiuilar changes .in the

other e1ements.
v y ‘ .
. B :
It 1s equally probable that the high immobile element

concentrations . 1in ‘these samples represent primary
differences from the. Chapel Arm samples. Howeﬁet,rthe
L4

obgervation that such ratios as Zr/Y, Nb/Y, and T1/V (which

v

"tend to be relatively unaffected by differentiation) as well

as Ir and PéO5 concentrations are either outside of, or just

Y

on the borderline of those observed in igneous (particularly

X
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"basaltic) suites suggests that’these elements were enriched
- \ s

4 »
- -

by secondary proceases{ Hichéut’pelatively unaltered samples

from either  1oca11ty it. is 1iwmpossible ' to conclusively

e o :
resolve the problem one way or the oqhgf.

§

- ~

Chondrite 'norgalized REE‘patterns from selected Chapel
Arm basalts (Figure 4.5, cﬁndenerations in Table 4.3) show
no relatidnship with LOI valueg. Samples LCiSA, LCL15B, CA45,
a;d PL57H; with LOI vaiues of 2:9, 3.6, 7.4: and 9.5 wt. @&
respectively show nearly 1dentiéal REE patterns whichh_would\

: v .

not be appreciably affected-1if correccéd for voiume changes.
Sample PL44 (LOI = 3.7) from Cape Dog has similar REE
‘céﬁqentrations to those in the Chapel Arm lavas but the LREE
afe»slightly enriched gnd the HREE are depleted in pLIBC
(LOI = 4.6). Similarly the HREE appear depleted in the Hay‘
Cove sample SB37B2 (LOI = 5.4). Samples from Hopeall Head
(fL13éB) and Placentia Junction (PL67) are strongly‘enriéhed
in the LREE and depleted in the HREE relatiQe to.the Chafel

Arm basalts, . ‘e

, .

Discussion.

<

The alteration of the Cambrian lavas can be separated
into - two stages, a (early?) phase during which ‘mafic
minerals were altered to chlorite, and a (lafer?) phase when

. \
carbonate was added to the rocks. The first phase resulted

~
[

in thé removal pf Ca0 from the rocks and resembles the

results of experiments modelling the formation of chlorite

.in basaltd through interaction.with seawvater (Mottl, 1983).




Table 4.3. Rare earth element concentrations in Cambrian basalt
samples.

Lcisal A : PL133B

16.8 3.6 . . . 59.0
48.8 . 142.
6.89 ‘ 16.6

35.0 " 22. 77.6

- 8.40 . . 16.2
.21 . 4.96
.85 A . 12.5
.18 . . 5.23
.20 .31 0 1.42
.16 . 0.00

sB37821

v
N

ONOPEOAPWwwWw

O NN NN

5.2
4.0
9.7
4.3
0.0
3.6
8.0
4.3
1.5
0.3

QO WYNWO FFOY=DO

SN W WO

re

1

Cencentrations in ppm.
lieast altered basalt samples. :
Locations: LC15A, B, CA45, PL57H - Chapel Amm
PL133B Hopeall Head
PLIBC, PL44 - Cape Dog
SB37B2 - Hay Cove .
PL67 - Placentia Junction *




Figure 4.5 Chondrite-normalized REE patterns in the Cambrian
basalts, feeder pipes, and basalts from various intraplate
locations. The intraplate basalts have the- following
chemical affinities: sample HW109 is a nephelinite; samples
TP8, 551, 540, and HW118 are ‘alkali basalts; and samples

TP10, KEW3, CP8, and HWl15 are tholeiitic basalts. Sources’

and locations for these basalts are as follows: - TP8 and
TP10, Rio Grande Rift, Basaltic Volc;nism Study Project
(198l), p. 116; KEW3, Keweenawan flood hasalt, Basaltic
Volcanism Study Project.(198l), p. 69; CP8, Columbia River
flood basalt,- Basaltice Volcanisp Study Project (1981),
p- 85; HW118, HW115, HW109 Hawaiian 1Islands, Greenough
(1979); S40, 551, Afar (Ethiopia), Barberi et al. (19ms).
The chondrite normalizing values are from Taylor and Gorton,
hY

1977. . - Y

P

-
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-

These experiments also suggeét that the absence of minerals

such as epidote aﬂd actinoil;g way be accounted for by large

. vk Y
_seawéter/basalt ﬁass ratié%éﬁrgfther or not the formation of
chlorite was‘accomplishedtby 4ﬁteraction with; seawater, it
was accompanied by 1leaching of Sr, Ba, Rb, and K from the
rocks, pre;umably\because thése eleménts we}e highly soluble

in the passing solutions and do not . fit in the chlorite

Q
lattice.

) \M .
Studies of the alteration of basaltic glass through

interaction with seawater (eg. Frey et. al., 1974) have also
noted that CaO'"Eig;eases but Sr, Ba, Rb, and K tend to be
enriched in the altered glass. Posslibly these elements are
"enriched during the formation of albite (the only feldspar
observed even in the least altered samples .such as LC1l5A)

but removéd with the formation of chlorite.

»

Th:' appearance of. chlorite was .also accompanied by
slight to strong enrichment in.Ni, Cr, Ga, V, and Man in all
‘samples but the effect on the immobile elements differed
‘entitely from one locality to another. LLOI samples from
Chapel Arm and Cape Dog show immobiie element concentr#tions
which are similar to those in the least altered bahalts,>but
those 1im <che Placentia ‘Junction and Hopeﬁlltﬂead1zamples
sh&w much higher concentrations. If t‘{sq differences are

not due to primary. compositional jvériations, there are

sevéfai lines of reasoning which. wmay* ‘explain - the

differentlai response to alteration.
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The volcaniec rocks from Placentia Junction are made up -

,en&:ireiy of chloritized wvolcanic clasts which were oncé
glassy shards and lapilli. 'I‘he' analyzed samples from Hopeall
Head consist qf volcaniclastic samplés and highl} .vesic;xla'r
basales. P,o‘ssibly the permeablev nature of the volcan'iclastip
units and highly vesicular basa‘ltg allowed larger vold.mes of
fluid to‘pavssu through the rocks, ‘and resulted ‘in substantial
increases in ;he inmobile element concentrations. Faults

{

adjacent to the volcanfic rocks at both Placeniia Junction

RN

and Ho_pe”al_l Head may have acted as pathways for wmetasomatic
fluids and led to an increase in the fluid flux at these

N

localities. St'b\dies o Ahe low grade alteration of basalcrs
(eg. Floyd, 1977; Frey et al., 1974) have shown that glasses
are much more susceptible to chemical alteration than are

crystalline rocks." Furthermore this alteration_”commonly

results in an 1increase in the LREE, and depletion of the

HREE (Frey et:al, 1974; Smewing and Potts, 1976; Floyd,

1977; ~ Hellman et ' al., 1979) as appears to be the case for

the Placentig Junction and Hopeall Head sanples.

< Other possivble,'explaﬁatic‘ms which miéht account for the
the differences between t}.‘le two groups of samples are:' lj‘
varying ﬁgtamorphic'coné‘itions at some localities that might
a}lou gr;eater stability for minor phases such as sphene and
mapat&ite which could selectively remove the ““immobile”
glements from ~pas;1né solutions. \Ihis suggestion 1is

supported by the observation that the rocks at Hopeall Head

are vexy rich 1in secondary sphene. 2) differences in the
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immobile element con::‘enttga\tons in the alteration ﬁu_ids.' 3)
differencess 1in the compost ior‘x of the fiuid phase which
resulted in lower fluid/yhole-_r‘odc‘ pattlti(;n coefficlents
for these elements at the Pla»ce.ntia Ju_nctiop ‘anﬂd :Hopeall

v

Head localities.:

The‘secona phase of.ahlteration finvolved the addition of
car'bonarte to the samples. This ;aspect of the alteration mqs.t
affectgd the concencrations of (‘3\{;0, Na2'0',. 'a'nd_ Sr, which ténd
to be enriched, and’ ;l\go, .wh;.c':h *‘shcws depl_et,.i'on with
increasing LOI. Various studies of alteration wvhere the CD,
act‘ivitﬂ was high show that Ca, Sr, and 1in some‘ ‘cases Na.,

increase during alteration, but "in general Mg also increases

(eg. Kerrich and Fyfe, 1981; Strong, 1982)."

.

Unlike ,carbonate rich solutions in peralkaline systems
(Taylor et al.', '1.981) those associated with the alteration
of the Cambrian lavas did not.reéult in the enric;lm.ent.of
the HREE or in any of the -REE.. In this respect the
alter"a.tio_n reseﬁbles that ;iesc-ribed by Strong (1982‘). Other
imnobile elements weré eimi,la::ly.v unaffected b); the c;arbonate

rich fluids. This contrasts sharply with the r-esul'_t's of .a

~ 7
study by Hynes (1980) where the addition of carbonate to

basalts resulted in Y and Zr depletion and ,T1 enrichment. If |

the metamorphic phases present in these two groups of rocks
.. ’ . .

are the same, as appears to be the case, ihe'iu;pl_j.cationé

are that the fluids passing through the Avalon Peninsula

v
"

rocks did not contain, or could not carry, these eleménte.
’ S
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4.2.2 Alteration Of The Feeder Pipes

<. N
v ~

The differentiated nature of the feeder 'pipes
complicates the assessment of chemical modification from

metamorphism. Both ~!igo and S10, show a scattered correlation

’G‘fth loss on ignition (LOI), which might suggest they were

affected by metamorphism (Figure 4.6), but there is another, -
more reasonable, explanation for tt;e correlation. During low
.grade metamorphism, mafi; minerals arre usually altered': to
hydrous minerals such as cl;lo'rite and actinolite and the
feldspa.rs to (anhydr;aus’) albite. As a result mafic samples
(high Mg0 and 1low S§10,) will have high LOI and felsic
samples (lzw Mg0O and high 5102) low LOI, which explaing . the
observed correlation. The feeder pipes are in general much
bet.lter pteserv;d, than the flows, and many samples af‘e
texturally and mineralogically as well (‘or better) preser.véd
‘as  any of the 1.east altered flows. As th? following
discu‘ssion will show, . most ,» of t’he geochemical

characteristics of these rocks can best be interpreted in

terms of igneous processes.
.' t.‘ - -«
v

4.2.3 Primary Whole-Rock Geochemistry

e ., .

The major element and normative composition of the

least altered, flow samples and representative feeder pipe
- . g

-

samples are (given; in Tables 4.4 and 4.5, and the trace

element concentrations ‘ are presented 1in Table 4.6. Major
' : . >

element and trace element variation diagrams showing all of

the samples from 'the feeder pipes, and the. five least
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Figgre 4.6 Plot of $i0, and MgO against LOL for the' feeder
pipe' samples. The metals ‘are shown. in oxide wt. %, volatile
free, and LOI 1is 1in wt. X.







. ¢
1] ' f
b 4
‘¥
”~ L] .
- 137 L ‘
. . y
\ - Table 4.4. Major element analyses of least altered extrusive rocks. PR B
) ° \,
2
) Chapel Arm Cape Dog ) Hay\Cove
p ' . LCIS5A LCI5B PL4S - PL38C SB37B2
§i0, , . 51.60 46.60 47.60 49.50 T 47.80
Ti0% 2.60 2.65 2.64 2.50 2.03 : .
¥ Al05 . 13.30 _  12.90 13,50 . 12.30 12.00 !
Fe,03 ©11.00 11.12 10.57 11.90 10.54
MnO 2 0.21 0.15 0.20 0.13 0.13
~ . Mg0 6.08 .7.39 '8.71 9.29 4 6.08 "
- Ca0 6.42 7.06 ~ 5.85 4.74 . 8.03
Naj0 © 4011 1.87 2.79 4.13 - 3.84
K50 1.96 - 4.05 2.80 0.04 2.84
P05 | 0.52 0.61 0.65 0.59 0.64 . - _
. - L.o.I 2.90 3.60- 3.70 4.55 5.3 .
v , ) . ‘ ‘
Total  100.70 98.09 99.01 99.67 99,29
- 3 ? ' -
: . . , - CIPW Norms
OR . 10.18 21.08 1429 0.21 14.47
Ab. 32.43 14.79 21.64 33.10 -~ 20.25
An 10.59 13.08 ‘. 13.86 . 13.31 6.14
Ne 0.00 ‘ 0.00 , 0.00 0.00 9.49
Q ¢ . 0.00 '~ 0.00 0.00 - 0.00 0.00
0or ¢ . " 10.23 = 22.71 22.81 6.20 15.30
Hy ) '10.61 ‘1.98 8.04 = 31.57 0.00
pi ~ 14.73 14.81 7.96 . 4.33 24,82
S 11 ‘ 7.96 - 8.13 . 1.94 - 7.77 6.10
Mt < 2.30 2.30 2.26 - 2.33 2.25
Ap 0.90 - 1.05 1.10 1.03 - 1.08
) \ y
Major element oxides in weight percent. Total Fe as Fe203. ]
Norms assume i‘ezO3 = 1.5 weight percent and remaining Fe = Fe0. - ‘
( A ]
\L_: *
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Table 4.5¢
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Major element and normatlve compositlon of selected
* feedexn.pipe samples

Normans Cove Pipe

AOther Feeder Pipes%

. Ne

1. Gabbro;

4. Locéﬁions:CA86B

2. Cumulate;

Eagle Peak.PL207B - -

pipe E of Chapel Arm.CA170 - W of Spread
p1pe at Placent1a Junction.

ca2sil  ca8e2  ea28c3 . casenl CA1702  PL207B3

$105 51.40 48.20 53.10 .50.60Q° 46.9 52.60
TiOy ~1798 °  1.55 1.79 1.98 1.12 2.80
Al204 14.40 10.20 i4.80 11.80 - 11.90 13.50
Fep03* 10.44 11.82 9.03 10.61 10.92 £ 12,14
MnO 0.15 0.16 0.12 0.14 0.15 0.16
MgO 6.67 12.60 - 3.36. 10.00 13.20 5.20
Ca0 5.42 8.59 5.35 ©7.37 9.46 4.61

Na0 4.54 1.77 3.64 3.30 1.74 4.75 -
K20 2,04 -*1 24 5.35 0.62 0.62 1.28
P05 SL 0.37 0.33 0.80 0.38 0.13 ©0.52
L.O0.I 2.48 "3.79 2.07 3.83 4.05 2.67
Total 99.89  100.25 99.41 100.63 99.29 100.23

. ' ~
’ CIPW Cfrms
" OR 10.39 6.20 28,6 3.20 3.06 . 6.86
Ab * '35.13 13.44 27.60 ° 25.86 13.05 38,71
An . 11.11 13.7% . 7.47  13.58 19.07 10.65
0.00 g.00 2.0 0.00 0.00 0.00
Q - 0.00 0.00 0.00 0.00  0:00 0.13
01 .22.68 15.95  12.45 6.50 26.69 0.00
Hg 1.62 22.51 0.00 25.25 "12.73 24.14
- Di 10.20 20.72 12.31 16 .57 19.65 ©.7.29
1l 5.94 4.57 5.65 6.02 3.26 8.85
Mt 2.25 2.21 2.37 . ¢ 2.28 2.18 > 2,37
Ap 0.63 v 0.55 1.42 0.65 0.21 0.93"
3. Felsic differentiate;

See map. in’ pocket for locations

Total Fe as Fe203.
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and feeder pipe "samples,
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oy
Trace element analyses of least altered basalt*samples

LC154l

Lc158l

pL38cl

SB37822

i

21

cA2813

21
331
615
121

25

23

22
156

12

9

33

82

CA28ES

16
327
635
117

24

19

17
139
439
370

15

95

"CA28CS

55
939

77

272

, 52
36

.23

122

0

6

21

3

CAB86B3.

8
662
1073
158
28+
24
20

1,170

241
210

44
100

4

CAl70%

5
453
578

48
10
12
19
113
© 389
345
29
124

PL20785

13
305
801
218

41

34

29

o .
23
39

Concentrations in ppm.

1. Flow; 2. Bomb; 3. Gabbro; 4. Cumulate, 5.
See Tables 4.4 and 4.5.

Locations:

Differentiate.
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altered basalt samples are presented in Figures 4.7 and 4.8.

‘These diagrams peride féirly conclusive evidence that the

pipes were the feeders to the flows. In most cases the flow

samples pldt aloné the trend lines defiyed by . the fee{er.*

pipes, though théy tend to show more scatter. (especially on
the ma jor elemengt dfagrams) than. the feeder pipe samples do.
Some elements such as K,0 and Sr show random behaviour ER Y

both the flow dnd feeder pipe samples and reflect altered

dompqsitioﬁs as 1s, common for these elements (Hughes, 19}3).

{

i
.

The Cape St.siMary's ‘Cambrian flows show srelatively

evolvéd basalt to basaf&ic .andesite ?compositidns as
d . o
indicated by their|intermediate Mg' values - (0.55 to 0.64

where Mg' = ng/1g¥0.9Fe ‘atomic) and relatively high 3102

contents (50 to SQlwt. 2, LOI free). Some of the feeder pipe

éamples have much.wigher Mg' values, but they'generally show

chmulus pyroxene and bolivinex textures. The flows and

' Y
noncumulus feeder pipe samples display a « nggative

correlation between Mg values and Al203 (Figure 4.9).

Similarly 'T10, valués tend to increase with~decreasing Mg', .

2
(Figure 4.10) but drqp abruptiy in those samples with lowest
Mg'. The feeder pipe| samples show considerable acattea on a
Nazo.t‘KZO, FeO, MgO (AFM) diagram, but seem to define a

.trend with little or nio Fe enridrment (Figu}e>4111). Most of

the basalt and feeder pipe samples contain normative Hy and

1




1
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Figure 4.7 Major element Harker diagrams for Capﬁ’gti Mary's

feeder pipe rocks. | Also shown are the Least altered _
v Cambrian flow samples. Comcentrations are in wt: % volatile C Py
’ free. » ' ) ' :

e

s we







Figure 4.8 Trace ,element variation diagrams for Cape St.
Mary's feeder pipe rocks. Also shown are the least altered
Cambrian lava -samples. Ti0, concentrations are in wt. %,
~vplatile free, and all others are in ppm. :

-~ -
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Figure 4.9 Plot of Mg' versus Al303 in the feeder pipes,
sills, dikes and various basaltic suites. The least altered
Cambrian "basalts from the Cape
shown on the feeder pipe diagram. The Cape -St.
samples were plotted volatile free with Al,0, in wt. Z. Only
non—-cumulus samples are plotted on the feeder pipe diagram.
Mg' = Mg/(Mg+0.9Fe) atomic. Sources for the other suites
are as follows: Keweenawan, Basaltic Volcanism Study Pr®ject

" Mary's

(1981), “p. 67; Columbia River, Basaltic Volcanism Study
Project (1981), p. 82, and Swanson and -Wright (198l);
Hawaiian 1Islands, Greenough (1979); 0Oslo Rift, Weigand

(1975); Ethiopian Rift, Barberi et al. (1975) and Di
(1972); Rio Grande
(1981), p. 115.

Paola
Rift, Basaltic Volcanism Study Project

St. Mary's ‘area are also







Figure 4.10 Plot of Mg' ver
81118, dikes and varfous basalti
Cambrian flow samples are als¢
diagram. The Cape St.
free w_ith Ti0

8 Ti.O2 in the feeder pipes,
suites.gThe least altered-

shown on the feeder pipe
Mary's samples were plotted volatile

in wt. %Z. Mg' = Mg/(Mg+0.9Fe) atomic. Only

non-cumulus sam” les are plotted on the feeder pipe diagram.

Sources for the other suites are given in Figure 4.9.







- Figure 4.11 AFM diagram for Cape St. Mary's feeder pipe, and
sill rocks. The tholeiitic, alkaline and caltalkaline trend
lines in the top diagram do not represent particular data
sets but are similar to Carmichael ‘et al. (L974) examples.
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Incompatible element-pairs such as Nb-2Zr and Zr-Y show

a strong positive cor}elationkqn variation diagr?ms as do Cr
and Ni wvalues (Figure 4.8);‘ w....Nfobium, Zr, :and Y
concentrations (Table 4.6) are highest 1in the differentiated
fe;der plpe samples and lowest in the cumulate samples
whereas tﬁe reverse is tTrue o; Cr, and Ni. Zr/Nb ratios
(2.91 to " 5.5,_se€‘F13ure 4,12) and Nb]Y ratios (1.6 to 2.2)

display véry little variation within, the sufitle.
? . ’

Chondrite-normalized REE patterns (Figure 4.5a

W
concentratidns in Table 4.3) for the least altered floQ
samples (eg. LC15A) tend to be slightlf concave upward with
low La/Ce ratiocs (0.34), relatively high La/Yb ratios (13.5)
and ;;;malizgd ¥Yb values 1less than 10. The feeder pipe

gabbros (CA86B and CA28I ?igure 4.5b and Table 4.7) ‘along
‘vith -more evolved samples (PL207B and CA28C) encompass the
range of composi%ioﬂs shown by the basalts. All of the REE
display elevated concen;rations in the evolvgd samples

whereas all are depleted in the cumulate samples (egQ

cal70). R o

4.2.4 Pyroxene Compositions

Flows

The only wminerals in the extrusivg rocks with primary

chemistry are pyroxenes. Approximately 100 groundmass

A

pytokenes' in the Chapel Arm, Cgpe Dog, and Hay Cove basalts

were analysed (see Appendix A for experimental methods,,




“

Figure 4.12 Zirconium versus Nb dlagrams. Shown are the
feeder pibes, sills and dikes as well as other Dbasaltic
suites. In the Keweenawan, Hawaii, Rio Grande, and feeder
pipe diagrams closed circles represent tholeiites and open
circles alkali basalts. The open circle with lowest Zr/Nb on
the Rio Grande diagram and the two apen circles with lowest
Zr/Nb on the Hawali diagram are nephelinites. On the , sill
diaggaﬁ open circles Trepresent fine-grained or contact
samples .and closed circles gabbro samples. All dike samples
were plotted as closed symbols, but samples with low Nb/Y

ratios are probably alkaline. Sources for the data are given
Figure 4.9. ’
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Table 4.7, -Rare earth element concéntrations in representative f

pipe sa

-

nbleh._

;o
clgsc3?

,19.1 - 1203

35.0
5.64

26.1
o7.13
2.83
+6.89
4.45
‘1.42
0.49

ca86Bl°  ca1702

PL207B3

+3.67
11.2
1.72
10.1
2,60
£.32
.31
.28
.29
.06

' [}
RN NN N O WD
w
.

— = O Wt~ B

oONN &

Ef

W

i

Concentrations in ppm.
1. Gabbro; 2. Cumulate; 3.
Locations as in Table 4.5.

-

Felsic differentiate.

eeder:



precision and accuracy) and
given in Table 4.8 (see Append

data. In terms of the three ma
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representative analyses are

ix C for a complete listing of

in pyroxene components, . most

analyses fall within the following bounds; Wo 42 to 50

'percenti En ?h to 46 percent,

and Fs 10 to 20 percent

(Figure 4.f3). Grains with Wo contents greater than 45

percent are properly ktermed sa

most have augitic compositions

v

Tio
distribution. Some grains f?om
percent Ti10, - and are theref

1966); but Ti0, 1is normally be

~

lites (Deer et al., 1966) but:

—

2 contents of the pyroxenes show a skewed

Chapel Arm have 5 weight
ore titanaugites (Deer et al.,

tween 1 and 2 weight percent.

Al ;07 may reach 8 welght percent in the high Ti grains, but

concentrations of 3 weight

percent, typical of augitic

‘pyroxenes (Nisbet and Pearce, 1977), are the norm. The

pyroxenes with high T102 gnd A1203 conceptrations (eg.

Y .
analysis 1 ngble 4.8) come

from the Chapel Arm sample

displaying a:variolitic texture as a result of queﬂching;

MnQ concentrations are usually

and Na,O0 :values range from 0

less than b.ZO weight Rerceﬂt

.20 to 0.70 weight percent; as

is characteristic of high Mg pyroxenes (beer‘ et al.,l966;

Nisbet and Pearce, 1977).

Feeder Pipes

Representative analyses

are given fn Table 4.9. The

(Figure - 4.13) range from 41

of. the feeder pipe pyroxenes
'Wo, En, and Fs components

to 44, 33 to 47, and 11 to 25;
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Table 4.8. Representative analyses of i)yroxenes from the extrusive
rocks.

»

1 t2 3 4 5 6

9 =’ !
$1Qp 44,18 50.72 52.56 48.97 48.93 52.05 . - v
Ti05 4.19 1.21 1.14 2.15 2.30 1.21 .
Alp03 . 7.00 2.40 2.36 4.32 4.41 2.22 b
Cry03  0.05 0.16 0.73 0.21 0.74 0.36.
FeO* 10.72 7.00 7.87 7.21 6.79 7.23 -
| MnO 0.14 0.1 . 0.07 _ 0.09 _  0.04 0.11
© Mg0 11.23 15.22 16.62 14.13 15.00 . - 16.84

Ni0 0.07 0.01 . 0.08 0.04 0.01 0.06 ~
ca0 ' 20.63 21.56 19.91 . 21.56  20.74 19.80
Na0. 0.59 0.20 0.39. 0.41 0.48 0.41
K20 0.00 0.02 - 0.02 0.02" 0.01  0.01
Total 98.79 98.62 101.75 99.11 99.44 100.31
St . 1.701 1.905 1.909 1.836 1.825 "1:913
Allv 0.299 0.095 0.091 0.164 0.175 0.087
a1vt 0.018 0.010 0.009 0.026 °  0.018 0.009
Ti 0.121 0.034 0.031 0,060 0.063 ' 0.032
Cr 0.001 0.004 0.020 0.005 0.021 0.009
Fe 0.344 0.219 0.239 0.226 ‘0.211 . 0.222 . c

" Mn 0.003 0.003 0.002 0.002 0.001 = 0.003 . . - ;
Mg 0.644 0.852 0.899 0.789 0.833 0.922 » -
Ni 0:001 0.000+ 0.002 0.001 0.000 0.001
Ca 0.851 0.867 0.775 0.866 0.829 . 0.779

Na 0.042 0.014 0.026 0.029 0.034 '0.029
K 0.000 0.000 0.000 0.000 0.000 " 0.000

- Total 4025 4.005 °©  4.003 4.004 4.009 4.005
Ca 46.2 - 44,7 . 40.5 46.0 44,2 40.4

. Mg 35.0 43.9 46.9 41,97 4L.5 47.9
Fe +Mn  18.8 11.4 12.6 12,1 - 11.3 11.7
t. .
N

1 = Rim Chapel Arm Pyroxene
2 = Core Chapel Arm Pyroxene
3&4 = Cape Dog
5&6 = Hay Cove ‘ )

*FeQ =" total Fe; Stoichiometry on basis of 6 oxygens.

Major element oxides in weight percent




*
J

Figure 4.13 Pytpxgne quadrilateral showing pyroxenes from
the Cape St. Mary's extrusive rocks and feeder pipegs. In the .
cage of the extrusive. recks individual analyses 'are not
. shown, but .the areas where they plot are outlined, andlthe
number of- analyses 18 given in the table. The fields " are
labelled after Le Bas (1962)." - :
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Table 4.9. Representative feeder pipe pyroxene analyses. .
1 2 3 4 s ' 6
S107 52.05 50.58 1 51.60 52.48 - 49.41 '50.81
Ti02 0.70 1.54 1.17. 0.63  1.87 1.33
Al903 1.05 2.73 2.71. 1.11 - 3.48 - 2,49 °
Cr;03 0.01 0.05 0.51 0.02 0.00 0.00
FeO* 14.43 . 9.58 7.05 8.35 11.43 8.21
Mn0 0.26 0.20 0.17 0.16 0.14 3 0.11
Mg0 11.73 14.97 15.86 15.91 _  12.98 14.53
Ni0 . 0.00 0.03 0.05 0.04 0.00 . 0.0%
Ca0 21.16 20.60 21.40 '20.22 20.45 21.50
Najy0 0.25 -~ 0.30 0.28 0.45 . 0.44 0.31
K20 0,01 0.01 . 0.00 0.01 0.01 ,0.00
Total 101.64 100.58 100.79 99.38 100.22 99.40
Si -~ 1.923 1.881 1.896 1.958 1.862 1.903
A1tv 0.077 0.119 0.104 0.042 0.138 0.097
FNALS 0.003 0.000 0.012 0.006 0.015 0.011
Ti 0.031 0.042 0.031  0.017 0.052 0.037
Cr 0.000 0.001 "0.014 0.000 0.0600 .0.000 : -
Fe 0.351 0.298 0.215 ©  0.259 . 0.359 0.257
Mn ~0.008 0.005 0.004 0.004 0.004 0.003
Mg 0.741 0.829 0.868 0.885 0.729 ° 0.812
Ni 0.000 - 0.000 0.001 '~ 0.000 ° 0.000 0.002 N
Ca T 0.846 0.820 - 0.842  .0.808 0.825 0.863 - ’ :
“MNa - 0.0 0.021 0.019 0.032 0.032 0.022. , .
K " 0.000 - 0.000 0.000 0.000 .0.000 0.go0 - T
Total 4.005 4.018 4.007 4.011 4.016 = 4.007
Ca 43,5 42.0 43.6 41.3 43.0 . ' 44.6
Mg 38.1 42.8 45.0 ' 45,2 - 38.0 42.0
Fe+Mn . 1B8.4 15.5 11.4 13.4 19.0 13.4
. .' B . '
{
*All Fe as Fe0, Oxides in weight Pdécent, Stoichiometry calculated '
on-the basis of 6 oxygen. - .,
1, 2, & 3 = Normans Cove ’
4 = W. of Spread Eagle Peak
5 ‘= SE. of Placentia Junction
6 = N. of Spread Eagle Peak

R
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. ) which are augitic compositions (Deer et‘al._,-l966) and the °

e L data points define a ‘trend . of constant Ca content with

"decreasing Mg composition. Most. T,iOZ concentretions fall..

'be?i.'v"een' l'apd 2 weigrit and display a 'positive correlation
with A1;203 values which are. generally between 2 and 3 weight
percents AThe,N‘azo and MnO concentrations average 0.35 and

" 0.30 wei.ght percent respectively. The slightly lowver Tioz

concentrations in: the feeder pipe Pyroxenes as compared with

. . < -

,the . flows 1s 1illustrated«in Figuge 4.14 but for the most
. . (

.PaEt the feeder pipe pyroxene compositions overlap those of

the lava flovs./ )

.

! .+ 4.2.5 Discussion - Flows and Feedér Pipes
T e ' '
. . 5 : Mass - badlance and trace e).ement modelling calcu{ations

N - . > show that phases present ia t'he melanogabbro samples can be

.vremoved f;‘om the flows to-p‘rodqce the most differentlated

DR o s»gmp‘lelsl'.' The maaus ~balance ' calculations- were carried out

B N . . B

using the- Qet:olog.i,tal mixing model of  Le Maitre (1979).
- Results shov that an excellent estimate of the major element
. "' ~composition - of the diffetentiate ('rable‘ 4. 10) can- jbe —_

;-'_‘ ’ B produced by’ renoving 45 percent of the ne’lt 1in the form oE

Tvae

BT S '; . augite, plagioclase, Fe- 'fi oxide, olivine,‘_ and apatlte' in -

© the . proport:ions 15.1 :'11;413 RES 3 8 T 10.9 : 0 9 'l‘he."f _ : h

reaidual ‘sum of squares for, Chese calculations is\ 0. 81. The

resultcs shown in Table 4 10 are’ the least aquaten best fit'

é v R ; ,.olutiozn to the proble- vithout weighting any’ of the oxides. .

- . . - - ' D -
' ,The -ost lerioul proble- is vith noz. and it could ‘be

. a2 . - - |
. . + ‘

Aope st 7
A .
.

LAy ter e TN
[

»

1

3

+
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Figude 4.14 T10, -MnO—-Na,0 pyroxene discrimination diagranm
~"Cape St. Mary's extrusive rocks and feeder pipe pyroxenes.

In the case of the extrusive rocks individual analyses are

not shown, but the areas where they plot are outlined, and
the number of analyses for each locality is given .in the
table. For clarity the a field in the upper diagram is
stippled. Fields are from Nisbet and Pearce (1977). WPA =
within plate alkaline; WPT = within plate tholelite; VAB =

'volcani.c are basalt OFB = ocean floor .basalt.




Fields

az=WPA
b=VAB*WPT+WP A
c= ALL

d=VAB+WPA

e=OFB

»

,
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v NUMBER OF ANALYSES

Fleles g

o 'b ¢
Chaps! Arm 82 1)
Cops Dog 20 1+ 2
‘Hgy Cove 21 0 0

-

ARM

O NORMANS COVE INTRUSIVE

® OTHER INTRUSIVES |

0
o .
0
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.Table 4.10., Results of petrogenetic modelling of lava-feeder pipe compositions.

» ' ] - Esiimated.
. Lava1 - (Augi:e2+Plagioclase3+FeTi oxide“+01£yine5+Apatite6) = Differentiate Differentiate’

N Percentage 100 15.1 14.3° 3.8 10.9 0.9 »
Si02 . 51.41, 51.19 52.70 0.00 38.80 0.00 58.14 58.24
Ti02 ©2.63 . 0.98" 0.00 22.72 '0.00 0.00° ~2.93 1.64
.A1203 13.53 . 1.82 28.20 1.44 0.30 0.00 16.15 16.61 .
Fel ~10.49 - 8.10 0.91 68.33 20.80 0.21 - 7.96 8.82
Mn0’ 0.15 0.16 0.00 0.76 0.42 1.52 - 0.07 0.19
-7 Mg0 . 1.95 16,09 0.04 3.18 40,00 ', 0.54 1.88 1.71
- ) Ca0 6.80 19.94 12.50 0.00 0.36 52.40 - 2.68 2.82
v " Na20 - 3.50 - 0.3 4,15 0.00 0.00 0.00 . 5.28 5.71
. K20 2.48 0.01 0.17 0.00 0.00 0.00 4.66 3.86
' P20sg 0.64 0.00 - - 0.00 0.00 '0.00 40.98 0.46 0.52 . .
© Total - Surface  "Actual differentiate -
: Equilibrium Equilibrium Concentration
:Rb 22 0 38 39 51 ‘
Sr 293 - 347 360 368 ‘
Ba 1099 . 1841 1869 T 1471
Cr 134 S 23 o - 0
Ni 134 ‘ 9 . “ 1 : 0
Y 27 - S 24 23 28 ' .
Nb 51 'S SRR WP 'Y 80 _
“ze 233 © 315 384 348
v 199 © 53 5 . : 13

Ca 20 7 , 24 25
: _ L

S U2, 5o, Sy emal Wl




Table 4.10 (continued)

-

KD valuesd used in trace element modelling.

.

Augite Plagioclase . _ FeTi Oxide Olivine. . Apatite
Rb _ 0.031 o 0.071 . _ 0.000. 0.007 ' 0.000
Sr 0.120 1.830 , o 0.000 ' 0.014 . 1.000
Ba 0.026 : 0.230 0.000 0.009 0.000
. Cr 10.000 0.100 96.500 2.700 +0.000
Ni -4.500 ‘ 0.008 23.333 . 23.800 - ) 0.000

Y - 0.680 0.055 0.000 . 0.010_ ) 350.700 R
Nb 0.400 I 0.055 _ : 0.000 0.010 : 50.700
Zr 0.400 0.005 0.000 0.0t : 0.000 -
v .1.300 . 0.080 . 79.950 . 0.050 . 0.000

X " Ga ~°0.505 1

.000 0.000 . 0.000 1.000

. Major element oxides in weight percent. Trace elements in ppm.

I'. Lava ' * = Average of 5 least altered samples, majors recalculated to 100% and Fe203 thin
.. recalculated as FeQ. -

2. Augite = Average of 6 augite analyses from the cumqlate sample CA170. »

3. Plagioclase = Analysis 3 from Hawaiian basalt, Basaltic Volcanism Study Pro;ect 1981, p. 182,

: - with similar An content to normative feldspar for flows.
FeTi Oxide

4. = Analysis 2 from Hawaiian basalt, Basaltic Volcanism Study PrOJect. 1981, p. 186.
' 5. Olivine =~ = Analysis 14 from Hawaiian basalt, 'ibid., p. 180. -
* 6. Apatite = Analysis 1 from quartz diorite as presented in Deer et al., 1966, p. 506
7. Differentiate = Average of two most extreme differentiates, LCBF and LC8G,” majors recalculated to

100% and Fe203 then recalculated as FeO. : :
. . 8. KD values from Arth (1976), Jensen (1973), Ewart and, Taylor (1969), Henderson and Dale (1969),

Delong (1974), Duke (1976) Dudas et al. (1971), Arth (}976). See Evans (1981) for details.

o
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signifiqantly improved, without apprectably affecting the

other oxié%e, by increasing the percentage of Fe-Ti oxide
removed.

]

)
o

The tréce elements were modelle E;r,both surface and

--t9£a1 equilibrium fractiopation conditions assuming 45
percentrfrﬁctionation of thermelt, with minerals in the same
proportions as indicated from the mass balance calculations.

Sources'ifo; rthe partig ' coefficients used are given in

Tabi%jz.lo. Calculations were carried out using a “computer

program vrittgn- by Evgns.(1978)‘and the results, which are

'in re&sonable agreement-vith thq observed concentration in

the differentiate, a:)- given 1in Table 4.10. The most

qerious p;obién is'ﬁith Nb, an elenént very sensitive to the

proportion of apatite removed. A . small decrease in -the

amodﬁt of,apatité subtracted ;ould br}ng the Nb (Values more

in line with tho;e~ observed as well as raising the Y

concentraéione. |

4.3 CAPE ST. MARY'S SILLS

-

4.3.1 Whole-Rock Geochéemigtry

Although most sill samples show a certain amount of
mineralogical élteratiq;; fhe wvhole-rock chemistry does not
appear seridusly affgcted by:the metamorphism. All aamples
show less than 4.0 wt. % LOI and a few less ghan 2.0 wt. .
The coherent behaviour of most elenentﬁ on ,variation

\

diagrams (Figures 4.15 and 4.16) 1is best. interpreted 1n}




Figure 4.15 Major element Harker diagrams
8ill. The lines on the ‘dlagrama represent

fit through the feeder pipe data and the
mean feeder pipe compositions. Correlation

the 1lines are as follows:.Ti, 05?3; Fe, O.

for the Gull Cove
a least squares
diamonds mark the
coefficients for
76; Mn, 0.04; Mz,

0.84; A1, 0.76; P, 0.50; Ca, 0.92; K, 0.60; Na, O0.78 All
concentrations are {n wi. X volati\i\free. ’
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€lement composition of the maflq samples despite the fact

terms of primary igneous processes.: . ! ‘ 170

Representative ma jor and-trace element analyses of sill

samples are presented ‘in Tables:k.IL and 4.12 and along with '

the variation diagrams shown {in Figures 4.15 and 4.16

{llustrate a number 6f the  more important characteristics of

these rocks. 'Graﬁpphytit sa@ples plot at higher 510, values

than the mafic- samples in Figure 4.15.  The figure

@lluétrates .that there 1{is little Gariation in the major
. . , . .

v -t : . .
that some 'samples repgresent contact rocks, or-are from the

: basg'bf the sill,’and still othets; were taken from the

middle to upper. portions of the 8111 next to the

granbphyres; However, there are gﬁall‘ variations {in the

ma-jor element --composition of the mafic rocks, and the

o

significance of these 1s discussed below. Mafic sill samples

_shov relatively low SiO2 concentrations and their Mg' values

(M}' = Mg/(Mg + 0.9Fe) atomic) are also quite low .{(0.5 .to

0.6). . S ' '

‘On. an AFM Vdiagram the sills define an Fe depletion

trend (Figure 4.11) However, .the trend 1line ‘{8 based on
granophyric ‘samples which may not represent residual melts
in terms of classical fractionation models. The granophyyre

samples disblay ‘high Nazo,and low K20 concg&xrations that

tghd to correlate with 510, values (Figure 4.15).

—

Zr and Nb concentratiohs.(fahle 4.12) in the sills are

relatively 1low in comparison with the Cape St. Mary's flows

-
-




Oxides in weight percent. All:Fe as Fe_0

Table 4.1]. Major element and normative composition of repre-

~entative sill samples.
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SB6E SB71

. SB7L SB7G
_ +—

810, 47.60 45.90 - 55.30 67.00
Ti0, - " 1.57 1.34° 1.30 0.37

- Aly03 ) .14.90 16.30 13.90 . 16.00
Fe)03 13,36 10.93 7.86 2.06
MnO 0.21 0.19° 0.21 0.04
MgO 7.19 7.67 3.62 1.02
Ca0 ’ 10.72 10.76 5.62 1.14
Na,0 2.78 2.58 6.68 9.40
K20 0.25 0.79 0.27 0.04
P05 ' 0.15 0.19 0.10 0.06 -
L.0,1." o 1.84 2.97 3.20 1.77 :
Total ‘ . 100.57 99.56 98.0 '98.92 ,

CIPW, Norms

or 1.27 4.00 1.49 0.17
Ab 21.41 17.99 56.21. 60.89
An 23.54 26.21 6.70 . 0.97
Ne : 900 *1.87 0.00 0.00
A . 0.00 ~  -0.00 0.00 30,61
ol 19.15 24.63 3.82 0.00.
Hy . 6.04 0.00 5.85 1.55
pi . 21.35 18.67 ., 18.91 1.97
11 4,69 4.00 - 4.%4 0.11
Mt 2,24 T2.24 2.45 0.00
Ap 0.25 0.32 - 0.18 0.08
Sp - & - .. " - 0- 87 '
Hm - . = - 2.59.

r 3

2

Norms calculated assuming Fes0q4 = 1.5 we%ght percent, remajning

Fe = Fel . )
SB6E - Gabbro near base .
SB7I - Gabbro immediately below granophyre
SB7L - Thick granophyre

SB7G - Granophyric dike
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Ta.xb:l"e 4’.12.‘- Ref;reseptativ‘e ‘trace element analyses of sill rocks.
SB6OF . SB6E " SBJI  SBJL  SBTG
st 164 249 393 176 19
’ _ Ba. .95 - - 162 252 184 R A ‘
: Rb. 6 6 .13 ~ 6 .0
y - Zr 37 - - 68 77 YA 816 -
o, ¢ -sNb ‘ R : TR 5. 14 .51 . b4 e
Y - N VA .29 23 - 119 96
Ga - . -, 9. ' 19 - 19 21 , .29
- v . _ 146 - 275 ~231- 148 12
- Cr T 1514 - . .186 - 219 53 0
Ni . 730 79 - 91t 36 1
il = “Cu . , 4S5 64 . 58 Lo12 78
, P : _Zu ) '7_'86 95 .- 81 50 ‘ 35
s . | "SB60F - Olivine cumulate from sill at Lance Cove. )
o : SB6E - Gabbro near base of Gull ‘Cove sill.
A . ' : SB7I -  Gabbro just below thick granophyre in Gull Cove sill
. SBIL - Granophyre in Gull Cove sill.
/ SB7G -. Granophyric dike in Gull Cove sill.
All -concentt:ations in ppm. .
r

PR
AP L
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and feeder pipes. The Nb/Y ratios vary from 0.1 tq 1.0 and

Zr/Nb ratios range from 4.5 to l& (Figure}Q;IZO; values much
lower and higher (respectively) tha; Cape S5t. Mary's _flows
and f;eder‘ p{pes. The chond}ite‘ﬁorgalized kEE pattern;
(Figure 4.17, concentratigns in Table 4.13) fo; ;amples from
(or ' close to) ﬁhe contact -of the Gull  Cove 811l
(representing the 1least evolved s;mples)'show relatively
flat REE patterné with or without a sméll Eu - anomaly (eg:
SB6D and SB6E). Gabbros from the middle of the sill tend to
show slight LREE e?richment (5572). The granophyres display
patterns with 3;milar slopes‘to the basal samples, but all

of the REE; with the exception of £Eu, are significantly

enriched (SB7G and SB7I1).

\

4.3.2 Mineral Chemistry

Plagioclase

\

Representative analyses of plhéioclase cores ‘frpﬂ
vagious levels in the Gull Cove sill are_  given 1in Table
4.14. The An contents of ©plaglioclase cores are shown in
Figure 4.18 arranged according to their relative positions

in the 8ills at Lance Cove and Gull Cove.

There appears to be a relationship between tbe avérage
An content of the plagioelase cores and their height in the
sills. Lines connecting the maximum and zinimum An conteént

of the samples tend to be parallel (Figure 4.18) éndlsuggest

that the observed coupositional differencgs betwedn the

-

-




Figure 4.17 Chondrite-normalized REE pattérns in the sill
and dike rocks. The normalizing values are from Taylor -and
Gorton, 1977.
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Table 4.13. Pare carth pleﬁent concentrations in repfesentativc‘* si11
‘ sanples. ) i . .

SheD SR6E . SR7G SR71L

5.54 5.17 17.2 22.2
13.5 16.3 47,1 - 62.1
.64 2.36 ~ 5,90 R,R3
0,51 11.4A © 2305 39,1
3.04 3.87 _ . 5.81  11.3
" 1.59 - 1.22 - 0.95 - 2.27
3.88 4,56 6.77 12.6
3.4A 4.01 7.8} 12.2
1.95 1.93 4,72 h.81
1.14 . 1.21 4.97 6.15

Concentrations in ppm.

All samples from Gull cove {pocket Map B).
T 7 R




Table 4. 14. Represeﬁtative analyses of sill plagioclases.

R

SB71  SB6K SB6E SBED- SB6OF

-

50.21 58.05 52.98 52.92  52.45
1538 . 8.43- 13.67 11.06 12.49
0%.09 0.46 0.08 "0.15 0.07
31.51 2764 - 29.48 28.45 29.91
0.44 0.31 - 0.41 0.65 - 0.34
3.09 6.44 ©o4.21 4.8\6 4.27

100.79 101.32 -~ 100.84 98.09 ~  99.53

9.119 10.275 9.566 9.769 9.541
2.990 1.595 2.643 2.183 2.437
0.016 .  0.099 0.016 0.032 0.016
6.758 7.009 6.2)1 6.188 6.418
0.06%F 0.042 ‘0.058 0.097 0.048
1.087 2.208 1.472 1733 1.501
20.033 19.983 ~ 20.027  20.002  19.969

or 10.004 0.025 _ - 0.004 '0.008 *  0.004
An 0.730 0.409 .€ 0.640 -0.553 0.616
Ab . 0.266 0.566 0.356 < 0.439 0.380

Stoichiometry based on 32 oxygen.
SB7K = Plagioclase in granophyre.
SB7I to SB6D = Samples from just below granophyre to ‘the base of the
. » si11 at Gull Cove. ' i
SB6OF = Fel@spar in Olivine cumulate at the base of Lance Cowe sill.

N

o
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Figure 4.18 An content of sill plagioclases. SB60 samples
are from the base of the sill at Lance Cove and all others
are from the Gull Cove sill. SB7K and SB7L are samples of
the granophyre near' the top of the Gull‘'Cove sill. The upper
and lower dots for each sample represent the range of
‘compesitions observed, and the dot between is the average
composition for that sample. All compositioms -~ were
determined by electron microprobe. '
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-

samples are probably significa;r\ Relative to samples from‘

slightly higher in the Lance Co é sill those closest to the

 contact,. (SB6OE *and SB6YF) show lower An content than those

from several metersﬁiﬁside the sill (SBGOH). _Although the

average, An content for corresponding rocks from the base of

-

the,Gullquve sill shqw lower average An contents than those
from the iéﬁée Cove sill; samples from the contact (SBAB)
'SfiLL show lower 7;verage An content tﬁan those slightly
highér in the?sill'(SB6F). _Atrincreasingly_higherglocatlons

in the Gull Cove s8ill sthé average An content of the

plagioclasé cores systematically” décreases, though - this

trend is reversed in SB7I.

R -
-5

The extent of plagioclase composition variafibn tm

layered mafic sills appears very closely related to their
. o P .
thickness. The cores ~of plagioclases: from thicker sills

‘(greafgr than 300 : meters), _such as. ‘tI]e~ Palisades sill
(Walker, 1969a,b0, 6r. the Endion 5111 (Ernest, 1960), have
compositions of An70 to A#BS at the‘bése..;ng,thén decrgase‘ -
in An confent up t{:;ugh %he sill;{Thinper sills (less thaﬁ

’ P

100 meters) such as the Logan sills (Blackadar, 1956) or'ghgff
s111 from site 169 of DSDP Leg 17 (Myers et al., 1975) show

ot : ) i ) S -
rather constant 'An content of plagioclase cores from  the
r

s

bottom to the top =of the sill. For guch relatively thin

NN

sills thé Cape St. Mary's sills show a large variatiom in

their plagioclasé core compositions. :

. J
4




Olivine

Representative analyses “of the olivines from the base

of the sill at Lance Cove are given in Table 4.15. All

‘6livines in the saﬁples show similar forsterite compositions

between Fo7l and. Fo80 (Figure 6;19) and zoning. is

negligible, as shown by the SB60H analyses in Taple §.15.

The Mn céntent in the olivines tanges from 03002-to 0.011 _
atoms per formula unit {based on 4 0) and Ca varies from
0.002 to 0.007 atoms per formula unit. The Ca0

concentrations (0.25‘veight péceﬁt) are typical of olivines «
,fgom hypabyssal intrusions which generally contain over 0.1

fwéight”bercent Ca0 (Simkin and Saith 1970).
*0livines with similar Fo compositions occur near the
X )

base of many layered tholeiitic sills, such as the Pallsades
’

s111 (Walker, 1969) and alkali - olivine basalt sills (Myers
. : e v :

et al,,:zl975). In cvases where olivine only occurs near the

- i £
base of layered mafic“intrusions (eg- Palisades and Endion

B

sillg) it -is gegerally believed the mineral was present as

phenocrysts at the time of intrusion and settled .out early

inf the cfystallization history. 0Olivine occurs throughout

‘the tholelitic Logan sills (Blackadar, f956), but examples

'5'of sillé where .1t only occurs gporadically, or not>all,

-
B -

include the Tasmanian dolerites (McDougall, 1962 and Gunn,
1962) and the Tumatumari - Kopinang sill (Hawkes, 1966). In’

\ some thick layered intrusions, olivine (F0863 occurs at the

L > ’ s
"base, disappears in the middle, and then reappears much more

¢
>
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Formula based on 4 oxygen.
SB60E

-

= Lowest in sill, SB60F and SB60H slightly higher.

Table-4.15. Representative analyses of sill olivine.
Core Rim
. SB60E SB6OF SB6OH SB60H
Si07 . 38.30 38.21 38.88 38.77
TiO2 < 0.00 0.04= 0.04 ' - 0.04
Alp03 © 7 0.02 0.02 0.00 0.04
Cry0 0.02 0.00 0.05 0.00
FeO 23.08 20.41 ¢\, 19.03 20.65
MnO ©0.21 0.23 0.11 0.30
MgO . 38.54 38.21 41.97 41.75
Ca0 0.23 0.25 . 0.30 0.18
Nay0 - . - 0.00 0.00 0.00 0.06
K20 ' .0.00 0.02 0.00 0.00
Ri0 : 0.16 0.14 0.15 0.20
_ Total 100.57 101.17 100.53 102.00
. ; ndutbdoddl nhduldtd
si 0.995 0.976 0.990 0.987
Ti e 0.000 0.000 0.000 0.000
Al ) ©  0.000 0.000 0.000 0.000
Cr : 0.000 . 0.002 0.000 0.000 .
Fe . "0.500 0.435 0.405 0.435
Mn : 0.004 0.004 0.002 0.006
Mg 1.492 1.593 1.593 1.569
Ca : - 0.006 . 0.006 0.007 0.004
Na 0.000 0.000" 0.000 0.002
K 0.000 0.000 - 0.000 0.000
Ni '0.003 0.002 - 0.003 0.003
Total 3.000 3.017 3.001 3.007
LR ]
| | _ A L A
_Fo 75 79 80 787 -t
s C
Oxides = weight pertent. Fe as Fe0.

.

<
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- .
Figure 4.19 PFo content of ‘olivines from -a sill at Lance

‘Cove. For each sample the range of compositions is shown as
well as the mean.. The analyses were done by electron
microprobe.
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iron rich - (Fob0), in the upper portiona of the intruaions

(Wager and ﬁioin, 1967). Differentiated alkaline'sills; such

as the si1ll at Site 169, DSDP Leg 17 (Myers .et. al., 1975)
and‘__gke Shiant sill (Walker, 1930) " contain olivine

throughout. The Cape St.' Mary's sills most closely " resemble.

\ . . -

‘the tholeititic Palisedes or Tasmanian sills which either

lack olfvine, or 'contain cumulds olivine only at thelr

0

‘bases. . . Lt ' S

Pyroxene

L Reﬁresentative analyses of the high Ca pytoxenee ftom
: . -~

the Cape St'. Mary's sills are given in Table 4. 16. The Ca

contents of the pyroxenes often exceed'45 petcent Wo makin31

them salites @Deet et al.,1966) and typical of pyrotenes
from ralkaline rocks (Figure 4.20). The Wo, En and atomic Ti
contents of the pyroxenes, are plotted égainst heignt in,the

sills in Figure b.21 with sample; (containing olivine) from

.near the base’ of the Tance Cove sill (SB60OE and SBb6OH) shown

"below the lowést Gull Cove samples (SBGD and SB6E). Babal

pyroxenes contain Wo contents between 43 and 50 percent, but

at higher levels in the sill Wo drops to about 4i percent

" and ‘then - rises slightly"in-'the upper mafio and felsic -

t

samples to between 40 and 43 percent. Although Wo contents

typically 'decrease, and then rise again 1in tholelitic’

C ,
intrusions such as Skaergaard (Btovn and *Vincent’, 1963) and

" Bushveld (Atkins, 1969), the Fs’content also rises to 30 or

40 percent. Pyroxenes with this high a Fs content do oot

. Iy
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© .~ Table 4.16. Representatf@e,analysq; aof sill pyroxenes.

-

SB6D JSB6F ol SB6H SB71 ‘SB7L

49243 . 49.92 50.29 49.31 5).34
1.45 .1.22 1.13 1.17 0.22
3.62 2.81 2.21 - 3.45 0.36
0.05 . 0.07 0.00 0.04 0.01
9.73 10.47 11.34 8.29 - 11.99
0.26 T 0.25 0.28 0.17 0.20

12.55 13.68 -13.89 14.07 12.34

21.97 ° 21.20 19.60  22.12 23.60
0.41 0.40 © 0.48 0.39 0.58
0.04 . 0.00 © 0.03 0.02 0.00
0.11 . 0300 0.00 . 0.00 0.00

99:62°  -100.01 99.25  99.03 - . 100.64

A A

1.868 1.881 . . 1.90% 1.864. . 1.947
0.132 0.119 - 0.091 0.136 *0.015
0.029 0.005 0.007 0.017_ 0.000
0.041 0.034 - 0.031 0.032 ~0.005
0.001 0.001 0.000 0.001 ~ 0.000
" 0.307 0.329 0:359 0.262 -0.379
0.007 "0.007 0.009 . 0.004 0.005
0.707 0.767 ~ 0.785 .. 0.793 0.698
0.889  .0.855 - 0.796 0.895 0.958
0.030 - 0.028 - 0.034 0.029 0.042
0.001 . 0.000 0.001 0.000 0.000
0.002 0.000 0.000 0.000 0.000
——.L—t_ ; e : '
4.013 ,  T4.027 4.021° 4,032 4,050

- g ) o . B
" Wo S Y 42 46 .47

En_ 37 39 40 41 . 34
Fs 16 17 18 13 19

Oxides - Weight percent; All Ee as FeO; Recalculated on basis 6 oxygen.
bt .
$ase of LGB N .
middle of LGB :
tgp of LGB
-top of MGB
top of granophyre
. '3

SB6D
YB6F
SB6H
SB7T
SB7L

oo oo

i A ey et Al
.




Figure 4.20 Pyroxene quadrilateral showing pyroxenes from
the Cape St. Mary's sill rocks. The fields. are labelled
after Le Bas (1962). -
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Figure 4.21 Wo, En, -and

Mary's sill pyroxenes. The range df
sample

Ti" (atomic) content of Cape St.
compositions in each
is shown. SB60 samples are from the base of the sill
at Lance Cove and all others are from the sill at Gull Cove.
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occur in the Cape St. Mary's sills. Despite the slighﬁ
decrease in Wo content in the middle of the Gull Cove sill,

it remains relatively high and constant even in the late

felsic samples (SB7K and SB?L);

Y

-En contents.tend to decline with increasing‘ heiéht in'
the sill,.”ﬁut'flﬁctuations occur that-are_slpilaf to those
observed for piagioklase compositionsl(co@pare Figures fh:lS
and— 4.21). Pyroxenes froﬁ lov,_inr the Lance Cove sill
(SB6OE) show lower En coﬁtents than those sligﬁtly highef in

. -

the intrusion (SBbOH).AThe same relafionship exits in tbe
Gull Cove sill as shown by th€ contact sample/SBGD and
sample SB6F, which comes from aafew.m;tets above the base.
Samples from a few meters inside the sills show the highest
average En po;tents obspfved. Similarly the An content; of
plagioclase in these samples exceeded that in other samples.
The average En content of pyrokenes‘in the middle portions
of the Gull C&ve 8111l declines fromsabout 43 to 39 percént
(éBbF t; SB6K), increases close to the granophyre (SB7f);

and 1is lowest in the granophyre. The An content -of

plagioclases .behaves similarly (Figure 4.18).-

=

‘The average (as well as highest) Ti content (a%omic) of

L

s111 pyroxenes decreases with height {in the intrusions
(Figure 4.21)., The only éxception, a single analysis from
'SB7I, shows wunusually high Td. Some indication of the

variation in sillipyrdxene compositions may be garnered from

their Ti-Mn-Na proportiops shown in Figure 4.22.




Figure 4.22 T10,-MnD-Na,0 pyroxene discriminat/ion diagran
- Cape S5t. Mary's s8il]l pyroxenes. Diagram after 'Nisbet and
Pearce (1977). WPA = within pliate alkaline; WPT = within
plate tholeifte; VAB = volcanic arc  basalt; OFB = ocean
floor basalt. ’ :
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Amphiboles'

Magmatic amphiboles occur in the olivine cumulate
layers at Lance Cove aqp in the felsié¢ granophyres of the.

Gull Cove &111. Amphiboles in the cumulus rtrocks are mainly
intercumulus and/or poikilitic, as much as 5 millimeters
across, show only__slight undulatory extinction, and the

following pleochroic scheme: alpha - faint_tan; beta = faint
tan; gamma = dark orange Dbrown. Ampﬁibbles in Fhe
gtanophyreqldisplay a much wider range of’textufal features.
In sample SB7L they form euhedral needles as much as 3

cénqiﬁeters lorg and 1. millimeter wide which show 1limited

& v

undulatory extinction and the following'hlgochfoic scheme:
. p t Lo,

o

iflpha = faint tan; beta =.faint "tan; gammé = oiénge brown.

These amphiboles® (SB7L2, Table 4.17) are +similar  1in

comﬂosiéion to those from the cumulates ~(SB60F2) _

éxcgpt
» "
their FeO/Mg0 ratios are highet, and Cr ;03 concentrations

1owér. Names were derived for the amphiboi}s (Table' 4,17)

’ T A+
following Leake (1978) and assuming Fe i1s between 0 and

1/2 of the total Fe (atomic).’

Along with the needles of amphibole in SB7L, there are

anhedral interstitial mésses'bf the*miheral, showfng strong
. N A -

Y

1

undulatorry extinctjon, ‘and a wide range of pleothoic

-

schemes. ' The centers Jdispl}& similar pleochroism and
. o«

cotaposition to the needles describéd above, but toward the
rim they cMange as ‘shown ‘by data 1in Table 4.17 (sB7L2,
R h

SB7LL, and SB7L4). Between the center and the rim Al,03,

Y N

»




Table 4.17. Amphibole pleochroism and composition.

SB6QF2
Poikilitic
in Olivine
Cumulate

SB712
Cores and
Euhedral

SB7L1
Between rim
and core of

SB7L4
Rim of
Anhedral

Grain

SB7K8
Rim of
Zoned

" Grain

faint tan

faint tan
.

dark or-

arige brown

Needles

faint tan

faint tan

orange
brown

Anhedral Grain

faint tan
pinkish’
brown
yellow:
olive
green

faint green
faint green

¥
deep .blud™
green

faint green

lt. olive

-

green -
forest
green

»

48.66
1.90
3.16
0.00

< 17.70.
0.37

%2.17
8.95
5.01.
0.86
0.01

98.79

36~ 84
1.26
I1.99
.0.00
30.05
0.27
0.99
16.33
2.87.
"1.16 -
.0.03

96,81

' N

.

Oxides in weight percent.

All Fe as Fe0,

Formula calculated on .the basis of 23 oxygen. >
Names determined by assuming Fe203yis between 0 and 1/2 total Fe.

See text.
14

SB6OF
SB7L
SBTK

S

PR

Base of sill at Lamce Cove.
Top of thick granophyre at Gull,Cove.
Bottom of thick granophyre at GBull Cove., -

o
]

H

- (Cont'd.)
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Table 4.17 (Cont'd.)
- o SB6OF2 'SB7L2 SB7L1 SB7L4 SB7KS8
si - . 5.438 6.091 7.269 7.702 6.081
Aliv 1.562 1.878 0.557 0.211 1.919
Fe3+ . 0.000 0.031 0.171 0.087 0.000
I Tet. 8.000 8.000 8.000 © 8.000 8.000.
.
TAlvi 07104 0,000 0.000 0.000 0.411
Cr . - 0.043 0.000 0.0 * 0.000 0:000
Ti. o 0.396 0.534 0.20 0.249 0.135
Mg : 3.430 2.656 2.709 1.247 0.262
FeZ* 1.027 0.861 2.038 3.504 3,952
Mn : 0.000 0.000 0.043 0.000 0.034
I Oct 5.000 5.000 4,997 5.000 4.794
Felt ' 0.083 0.051 0.000 0.207 0.000
Mn - . 0.004 0.017 0.000 0.043 0.000
Ca 1.669 1.834 . 1.429 0.806 2.001
Na 0.244 0.098 0.571 0.944 0.000
I M4' _ 2.000 2.000 2.000 2.000 2.001
— - =
Na . 0.694  0.861 - 0.876 0.653 0.916
K . T 0.116 0.127 . 0.162 0.163 0.242
LA D 0.810 . 0.988 1.038 0.816 1.158
) <
. . 4 N -
Mg ’ 0.77 .58-.24 .55 25.4-.40  .05-.10
Hg+Fe2+' - '
[ * .
Name . Magnesio Kaersutite Eden- Silicic Hastingsitic
¢ Hastingsitic ite Ferro- Hornblende
v Hornblende . edenite

A




.

]

. 197
0, and KO tend to

2 2

Mg0O, and CaO decrease, while FeO, MnO, Na

inerease. The high -T1i content -of the <cores gives them

’ a

kaersutitic composftions (SB7L2) whereas the outer portions

of the anhedral grains (SB7L1 and SB7L4) have~ed€niti€, and
) \
silicic ferro - edenitic compositions.

’
. n
o,

Lafge zoned amphiboles 1in SB7K (same granophyre)

display similar pieochroism to the amphiboles in SB7L. The

centers of these amphiboles have similar compositions to
SB7L cores, but their rims are markedly different (compare
SB7L4 and SB7K8 in Table 4.17). ~Aluminum, and the FeO/MgO.

ratio are much higher, and Na,O0 much lower 'in SB7KS8.
”
Amphiboles commonly occur in the felsic differentiates

ok : .
of sills$ or occasionally as small interstitfal ,grains

throughout a si1ll (Myers et al., 1975). In most cases thelir
occurrence 1is attribited to high PHQO. Their occurrence 1in

the olivine cumulates of the Cape St. Mary's dills is

extremely unusual. -
4 ~
Biotite
B ) . ~

K
Biotite occuréd as a minor (less than l percent) primary

phase Qhr?ughouﬁ %he sills, though 1ts=pércentage increases
¥ -
near the sill -% sediment ‘contacts (especially upper contact)

as well as ¢lose to the granophyres. It usually forms small,
i -

» “
anhedral, interstitial grains, but close to the granophyres,

and in the olivine cwpulate samples from Lance Cove th;

grains may be poikilitic and 4 millimeters in diametef.

’
~
T
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"A11 biotites .show the same pleochroism (alpha = faint

8

e

tan, beta = J{ange browp; gamma -\deep red grown) but there
are large varifations in their composition between rock types
(Tabléjk.lg)t The ranges of Fe0/MgO ratios in biotites from
various sill samples are shown 1in Figure 4.23, arranged
according to‘height in the sills. Bigtites from the olivine'
qumulate layers (SB60E{F,H) show F;O/Mgo ratios less th;n 1.

Those from.the mafic portion of the Gull Cove sill (SB6D to

SB71) have FeO/Mg0 ratios between 1 and 3. The rise irn

FeO]Hgd ratios may reflect an 1increase in melt Fe0/MgO

ratios, as well as a decrease in temperature.

The abundance - of, biotite suggests the sills had
re}atively high water contents. Examples of other sills
showing similar blotite abundances and textures were not

found.

Baddeleyite (ZrOz)

~

In an ittempt to obtain zircons for radiometric 'dating
purposes, a‘clear, reddish brown to yellow brohn mineral was
found 1in the nonmagnetic heavy minera ‘fraction of a felsic

-granophyre from Lance Cove. ‘Eiectron microprobe analysép of
seve{pi'grains revealed a minergﬁ composed primarily of
Zr0,, and it was positivel} identified as baddeleyite using
X-ray diffraqtion :echniquése

The baddeleyite forms e{uant grains, tyﬁically,only 0.1

o

to 0.2 millimeters across; though 1 millimeter grains do.

r -
-




Table 4.18. Rep}eséntative analysés of sill biotites.
’ ' . v

«

SB60Y SB6D1 : SB6D2

S10, R 36.45 33.18 35.89
Ti0) ' 6.80 5.42 5.13 .
Alp03 14.16 - 11.98 . 12.94
Cry0y - Q.06 . 0.10 690
Fel ’ .10.20 25.27 . 18.33
MnO 0.04 0.08 ©0.08
Mg0 17.70 8.14 12,06
Ca0 ‘0,02 . 0.20 0.06
Nap0 . 1.61 ’ 0.41 0.42
K50 ) to 9.13 © 8.82" 9.73
NiO - - . 0.00 0.04 0.00

Total - 7 96.15 93.64 94.64

N

FeO/MgO

Water content of biotites = 3.5 ta 4.5 weight percent
(Deer et al., 1966). '

All elements in oxide weipght percent.

FeO = total Fe.

SB60H = Olivine cumulate Lance Cove.
SB6D = Base of Gdll,Cove.
SB71 Top of.MGB, Gull Cove.
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Figure 4.23 FeO/MgO ratios 1in biotites from the Cape St.
Mary's sills. ; . . :
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occur. They ‘¢how striations caused by twinning, and

occasionally have some- zir."coniatt'ached on one side which
probably formed by Baddeleyite reacting with the meltf. Under

the electron “microprobe 'beam, the baddeleyite shows a

characteristic blue - green luminescence.
. .

" Several analyseg of the baddeleyite ~(,Tab-1é 4.19) show
that 2Zr0, usually constltu;es.ove: 95"weigh‘t perc’el:nt, of the'
mineral. The most important element to substi.t:ute f‘or Zr 1is
Hf, which as an oxide makes up 1 to_b"weighc percent of the
mineral, The next most abundant oxide is’ noz" followed Y by

Fe0, both of which' make up 1less than 1 plerc»ent of the

ﬁxineral. Silicon was detected 1in only a few grains'.

Most terrestrial  occurrences of baddéleyite .éire_‘in
highty undersaturated rocks ‘such as kimberlites (eg. Nixon

et al.g 1963; Kreston, 1973; Fiermans and Ottenburgs, 1979)

i

"c'arbonati'tes (Hiemstra; 1955; Paarma, 1970), and alkali

syenites (\Jidenfalk and Gorbdtschev, 1971). Althou'gh'

baddeleyite has commohly been observed in the mesostasis of

llpnar- ba‘saltsr (eg. Ramdohr and E} Gore‘éy,l 1970; ‘Ldvering et”

al.',. 1972; Hinthorne et al., 1979), only recently has 1t

- vet » . R )
been reported from, or  in aésociation with, terrestrial
roﬁ.k‘s of basaltic'cbmpositidn (eg. Keil and Fricker, 1974;

Suvola, 1977; Williams, 1978). The oécurrence of this rare

minerals in .the Cape St.' Mary's sills further emph'asizés

]

their unusual chemical‘characbterist":lcs. ‘ o B
. 2 .

.

.
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, Tablelbi—l";. B.::ldd,eleyite analyses, .
1 2 3 .

'$10; 0.01 0.00 0.00 J
Ti02 0,23 0.14 0.64

HfO) .34 3.82 0.90

Fe0 . 0.11 0.04 0.22 .
Zr0y , - 98.54 95.01 97.39 e
Total ' 100.24 99.01 99.15

si 0.000 0.000 0.000

Ti 0.004 0.004 0.012

HE 0.008 0.023 0. 004

Fe 0.000 0.000 0.004

Zr 0.988 . 0.973 ‘0. 984

Total 1.000 1.Q00 1.004

¢
]
Stoichiometryyon basis of 2 oxygen.
‘ N
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The presence of. Baddeleyite 1indicates low silica
activity (Nicholls et al., A1971), ‘but it does not mean the
rocks are criticallyv undersaturated (le. 'alﬁaline).
Occurrences reported by Keil and Fricker (1974), and Su‘vola
(1977), unequivocélly show that quartz can occur in the sa’me
rock as baddeleyite. The crystallization sequence reportgd’

™~

by these authors 1is _baddel&yite, 2ircon, quartz, ‘indicating.

increasingly higher silica activity.

4.3.3 Differentiation of the Sills
. \

-

Endmetmmber Rock Types

The s1ll at Gull Cove was extensively sampled from
bottom to top, and an analysis of textural, mineralogical,

and geochemical data shows that the sill can b.evdivided into

5 endmember rock types. Averages of samples repreéeﬁting fhe

endmember types are giivenviri Table 4.20.

1. The contact rocks'are fine-grained samples from

-

(or close to) the lower chilled margin of the

sill and should - closely represent the parent

B . - . ! ‘
magma composition. .o ,
N

\

2. Saﬁples taken 2 to 3 meters inside the s11ll, at/'/

the base 'of the ‘lower gabbro (BLGB), show
plagioclase and augite cores with the highest/’An,
and En contents observed in the sill. They cbuld

represent cumulus samples, but do not : show




. Table 4.20. Endmember rock types in Gull Cove Sill,.

crl BLGBZ NEMGRO , . DMGB% Sediment

48.46 48.69 49.59  47.77
1.50 1.46 1.68 1.52
16.77 16.41 17.59 - 17.05
11.75 11.36 ~ 10.22 ~ ~ 10.51
0.21 0.20 0.21 0.22
7.42 7.97° 7.08 8.06
10.57 . 10.65 - 8.93 11.17
2.89 2.78 3.56 2.77
0.27: 6.34 0.93 0.72
'0.16 0.14 0.21 0.20 -

1. CR
2..BLGB
3. EMGB
4. DMGB
5. GR

Contact Rocks = average of SB6C and SB6D.

Base of Lower Gabbro = SB6F. c,
Enriched Middle Gabbro = average of SB61, SB6J and SBJE.
Depleted Middle Gabbro*= average of SB6K and SB7I. .. ...
Granophyte - average of SB7G and SB7J o

Wonow

Major element oxides in weight ‘percent, recalculated to 100%,
voljvt‘ile free. Total Fe as Fe0. Trace elements in ppm. ‘

1
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classical cumulus textures.

3. Near the top of the lower gabbro and at the base
of the middle gabbro are rocks enriched in (EMGB)

510,, T10,, Alj0;, Na,0, K,0, P05 Rb, Sr, Ba,

2! 273
Nb, 2r, V, and Gah and depleted in FeO, Mg0, CaO,
Cr, Ni, and Y, rtelatgtive to the basal gabbro.

“There is a continuum of compositions between the:

BLGB.?nd the EMGB.

0 . .
»

4. Above the EMGB and close to the granophyres are
gabbros depleted (DMGB) in many of the " elements
the EMGB 1is enriched in, but significantly

enriched in MgQ0 and Cao0.

.

e .

5. The grandphyres are (generally) greatly ehriohed

in many of the elements showing depleiidn in the

DHMGB and enrichment fin ‘the EMGB. The most

important - exbéptions to _this Trule are K, 0, Rb,
. ‘ .

-

and Sr. Elements with high concentrations in the
DMGB ‘(eg.n'MgO‘.aqd Ca0) tend ro show very low

concentrations in the granophyreﬁ.

—

Models for Differentiation

4

There are ﬁarioua possible processes whi?h can be

n 4

éallgd on to produce the rock types in the Gull Coye sill:
’ ! . - -

. - : 1

Asgimilation. of Sediment The sills Intrude Upper

[

:
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Camb?i%n siltstones and shales and, because the granophyres
and EMGB tend to show high Si and Al, one might hypothesize
that the vsédimentary rocks had an 1mpoftaht effect on the
chemical evolution of the sill. ‘This tdea ﬁpg}d. seem
unlikely, howe;er, in view of the fict that‘xenolitﬁs\wepe

never obse{ved eithéf in the field or Ln’\thin_ sections.

-~

'SecondIyw the hypothesis does little tb'expiain thé gradual

change in compositions up tﬁrough the lower gébbro %: the.
presence of the DMGB 1in the ﬁlddle of the sill vhere‘it 15‘

.
a

surrounded by‘granophyresu Thirdly 1t 1s impossible " to mix

trace element ' concentrations in the sediments (Table *4.20)

.with those from the contact to help produce the granophyres
. g L i : . P

or EMGB. o o L

s

-.Multiple Magma fhjeciionu'iThis hypothésis_is at first

glance appealing bégadke it'éguld hélp explain the presence
_ o o , ! .

of rockg enriched 1in. Mgd and Ca0 (DMGB) and somewhat

depleted in élémenre such as Naj; 0 and K50, in the.middle of

the: sill. préver,'fhete a}é_i nquér'of prdblehs with the -

hypothesis. . Chilled ‘mérging indicdtive ' pof the late
. 1ntfusibn of - another -11qu1d; ‘or ‘even " graduéi < textural .

changes which onte cou}d_upe to support " the hypothesis are’

-

aﬁsen;. Indeed, the occurrence of the granophyrgs‘primarily

fn'associaiip@ wifh,_aqd cutting ‘these rocks is difficult to

" [N

reconclile in terms of simple gagma injection. Perhaps more
' ~

L ~

diffiiult “to understand 1is why plagioclase and augité core

from one- DMGB sample (SB6K5 with3higthgO and CaO,  display

I3

the 1lowest An and En contenta,(respecti&ely) in the mafic
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portjons of the sill. If this portion of the s8ill répresents
. ) ; Y

a‘ygecond intrusion of hot primitivé magma one might expect

.

mineral compositions to closely resemble SB6FY It 1s also
A Y .

difficult to expladn the regular increase in-grain-sizes agd

grddual changes , in composLtfoﬁ throughout the lower gabbro

s

LN i

in terms of a ﬁultiple injection model.
B3
Crystal Settling and Fractionation’ In these models it

-

-

isvassumed that minerals forming either in the -melt or on

%
<

.the floor of the magma chamber were in equilibrium with the

2

& N - . )
""melt from which . they formed. Components not used in forming

these minerals Were enriched in the residual melt. Evidence -

in the gorm of cumulus ‘olivine textures at the base  of ther'

K]
« ’

Lance Cove .s1ill: guggesés that crystal Bét{ling grodesses?

.(piayed anl-important rble” in the eﬁrly formation wof the
¥ . ‘ o,

sills.. However, cumulus texturgs are ébsent in the Cull tove

.

sill; the .1mp11cations being that a modelurepresentrng

v -

: ' . hd - n .. !
crystallization from the sill floor, roofward, may be ?mor%{
. < . , - ’ , ~

. ‘ ‘r
applicable. . yr . -
v DR - : - . ! S
. 1 Ty
The foilowing paragraphs outline ewidence suggesting

that the model for simple crysfallization“fromi the floor
- . : : " .

Xo

upward is not totally applicable.*_A'traéelelément mo@ek}ing

program written by Evans '<1978) vas used to modél trace {
. . R . . . ‘r\ v . ~ ‘

element concentrations in the granophyres, which 1in any
. . s o . . . :

; ~ . .
simple . crystallizatioan  wmodel must K ‘represent the last
residual'ﬁelt,'frpm thos'e in the conta@f rocks. Modelling

parameters are presented " in Tabdle’ 4.21 along with the




T
1]

e
b

, . . '
Table 4.21, Modellihy of siIl trace eldment concentrarions.

r . .

? ) . \
. R .
Cranophyre

' oyt ~ N
" Surface I'quilibrium ) Total Fquilibriunm
." . - 5 s . .
47 Cryafalli- _7 Crystadli- 947 Crystaltli- % Crystalli- ohserved
zation zation observed zation zation observed concent-
' concentration found = concentration ration

v 3 . " found .

pre

9
4

h
P e

4 Bb_. 5 . A
I ] A
Pa 1354 : A
Cr 0 - 587

2] 90%

173 : 8AY

54 96

587 967

\ 0 707
Ca 13 96y

Enriched Middle Cahbro
- o N 3 :
‘lelt Compositton (Surfade l‘,quilTibrinm) ¥ Solid Composition
50 Percent 7 Crystallizatdon Solid Compo- % Crystalli- observed
CrysL‘allizatinn ohserved® concdng~ sition at 50% zation observed concent-
ration found crystallization concentration ‘ration -
) found

<1h 767 o 967,
Sr-" c = o

U Ba 367 ‘ ‘ 837

cr ‘ A . o 30%

N , 267 | o 12%

Y A 78

, 59% 4, 2, 1

7 B3% . ¢ 907

v 3% : : 467

167 ‘ ’l567




Table 4.21 (continued)
Phases Removed and Proportions . _\\
' b ]

[4
, L]
Aupite Plapioclase Fe=""i oxides Niotite

-

Cranophyre Model 47.8 46,0 . 1.0

Melt Conmposition . T Y
tiddle Gabbro ‘ :

Proportions of 47.8
Phases ir Solid*

Partitioning Coefficients

Ph .- 0,031 ¢ 0,071 0,000 260
Sr 0.120 1.830 ' 0,000 n.120
Ba ()-.(Lgf; 0,230 O, 000 (.360
Cr 10 ..000 0,100 94,500 12.600
R 4,500 N.008 23.31 : 20.000
v 0,680 0,055 0,000 0.097
<hos 0,400 1.055 0.000 n.097
Yro A 0.400" 0.005 0.000 1.0050
Vo ,1.300 7 0.080 79,950 12,000
Ca ’ ‘ ~ . 0.505 1.000 ’ 0.000 4.000

»

Concentrations in ppnm

*Pock composition was calculated fron the estimated melt composition using
the hulk kd value assuming biotite was a pricipitating phase. The relts
compogition was calculated assuning no biotite was remqved (sec telr
Composition Middle Gabbro, above).

A todel predicts concentration should increase.

} todel predicts concentrations will not decrease to observed concentration.
C Model predictstconcentrations vill not increase to observed concentration,
Sources for partitioniny cocfficients Arth (1976) Ewart and lelor (1969)
Henderson and Pale (1969) Delong (197&)!DUPP (1976) Jensen (1073) Values
used are for average basalt as reviewed by !vans (1978).
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numerical’ results. Estimatés of the phases and their
relative percentages were made with reference to the

.

3
petrography. ,Partition coefficients are those compiled by

Evans (1978) for aVerage basalt. The granophyres ;épresent a
small portion of<the sill so the modelled concentrations in
a residual liquid gftef 94% crystallization are bHresented in
the table. Also shown are the percentages of.fractionation

A
at which the observed and modelled concentrations match.{
*

’ 1
Inspection of Table 4.21 Shows that a total equilibrium

-

.

crystallization model cannot explain trace element

concentrations 1in the granophyres. The concentrations of

some elements can be modelled assuming surface equilibrium

but Rb, Str, and Ba, behave antithétically to the model. It_

is impossible to change the partitiqﬁ' coefficients or the

percentaggs 'of minerals c¢rystaliizing (within reason) to

b

significantly improve the model. Sidila:ly the decrease in P

fn the si11 is difficult to explain in view of the fact that

.

Y concentrations increase.

Also difficult "to explain 1in terms of crystal
.. fractionatton ﬁrocesses are the observations that the.
gr;noﬁhyres form sharg contacts with the gabbros and

.

intermediaté or transitional ' rocks ére rare. The prbcess
provides no insight 1into the foregtion of the depleted
gabbros deaéent to the granophyres whieh are not
transitionai to tﬁe latter but among the most mafic‘(ie high

Mg0 and Ca0) in the sill.

N

.
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Elements such .as Rb,. Sr, Ea, P, Nb and Zr show

4
.

substaptial enrichment over the contaft rocks in some middle

~

gabbros. It is unknown whéthgt these rocks represent a pure
N . ’ )
melt,, pure cumuiates or cumulates with intercumulus phases

repnesehting some trapped melt. The two limiting conditions

were modelled and show that it~ is unlikely crystal
A . L

fractionation processes can explain the EMGB trace element

concentrations. The EMGB eccurs approximately half way wup

the s111, énd if crystallization proceeded from the floor

upwards (as suggésted by presence of the thickest granophyre

> meters from the top of. the sill) these rocks must have

formed after approximately S5O percent crystallization' of the
T

sill. Table 4.21 shows an estimate of the melts composition

after crystallizing 50% of  the starting magma (contact

]

rocks) 1in the form of augite, plagioclase and Fe-Ti oxides.

‘The modelled concentrations bear little resemblance to those

dbserved. - The percentages of fractionation whete the

modelled melt concentrations  match the observed
concentrations in the EMGB range from 3% to 100%Z and in some

Ly

cagseg can not be reproduced.

e

Table 4.21 shows the trace element composition ‘of a
modelled EMGB fTock containing augite, plagioglase, biotite
and Fe-Ti oxides which precipitated ;ffom '; residual melt
prodﬂééd by crystallizing 502 of- the starting magma in the
form of augite, plagidclase, and Fe;Ti oxides. In general,

correspondance between the observed and egtimatred
. 4 .

concenttations at 50Z «crystallization 1s poor. Better

A
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correspondance for many elements ‘may be found at highﬂ?

percentfges of cr&stallization. In somé.cgses (eg: Rb, Sr,
Bé, and -Zr) the pe{éentages of cFystailizap%pn where the
model and obsegved é'o’n'cent:rationst match érq funrealistic.‘
Hixing the estimated me}t and liquid compositions does
nothing to improve the modelling of some elements (Cr, Sr,
_V, 2r). The mgdels‘fof botﬁ the residual melt and the solid
p ' attempt to bring‘modelied Rb and.Ba concentrations in “line
with those’ Abﬁerved. IfA in thé modelling some biotite is
removéd, as the pe£;9graphj s;ggests it should be,vestimates

. ) - : * / )
- * of the Rb and Ba conceatrations 4n the pure melt and -pure -7

‘< ‘ cumﬁlate would be even further (lower) from those5observed:
St concentrations cannot be modelled, they are simply toeo
high. Lastly ﬁﬂe concentration ,of Y actually dropped, a
situatiqn” d{fficult to reconcile - with P increéaing-
Co;lectively_ the above evidence appears to eliminate simple

crystallizétion from the floor roofward as the primary

process controlling element variation 'in the sills.

Thetmogravftational Fractionation and Volatile
g Complexidg The inability‘of the processes discussed above

) _ ;
to explain the zonation and distribution of rock types 1in

the Cépe St. Mary's sills suggesté that mechanisms similar
totthose invoked by Hildreth (1979, 1981) to exﬁlain the
chemical wvariation 1in silicic magma chambers may also be

applicable to mafic sfstemé. Possible processes include

.Soret diffusion, d#ffusion across convecting thérmal and

chemical boundary layers, volatile complexing and transport

.
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of elements by the diffusive mechanisms or by a free-
volatile phase, and preference of - some elements ‘for
particular mwmelt structural sites, the avalilability of which

'will be dependent on zonation in the magma.

It is8 presently difficult to test for the relative
importance of the above mechanisms bécause their effects aE;
at best_ﬁoorly undefstood; Unless there was a free volatile
pyase present 1in the sills, convecgién probably played an T
important role in early " differentiation processes’ b;cause
simple diffusion rat;s in a stagnant magma are too “low to
effect differen;iatioﬁ (Hofmann, 1980). There 1is textural
evidence that coﬁyectlon is commoﬁ in large ﬁafic magﬁa
chambers (Irvine,'i983,a,b; Wager and Brown, '1968). It is
unlikely that _layering in the Cape St. Mary's‘sills, which
primaril; reflects small variations in pyroxene grain-sizes, - .
* is due to sorting of crystals on the floor of the magma’
chamber because the téxtutes oSserved ére‘ophitic. McBirney ¢
and Noyes’k1979) have éropoaeq that the layering 1in wmafic
... magma chambers may be due &o. in situ gravitational
stratifi{cation of the wmagma through diffusion, convection,

nucleation, and growth of crystals within discrete boundary,

layers.

pcesses similar to those proposed

‘Thermogravitativ-)

by McBirney and'Noye:y@f979) or Irvine (1983,a,b) may have .

established compositional gradients within the sill magma

-
.

chamber in the early stages of «cooling, but the
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.morphological cha}acte‘ristic’s of the granophyric dikes anc'il
ilayers' place constraints on how long these processes
~remained opeérative. The dikes occur in various orientations,
in some <cases normal to the roof of the sill at Gull Cove.

dbviously convection ha‘d ceased by the tiime they ‘formed and

. 80 other:processes are neéessary to explain their formation.

The ~ fo]:lovi?:pg paragraphs pges’en; evidence sdggesting

that the sill at Gull_C,ové developed gradiemts im volatile
components. The concentration of‘hydrous minerals 57.pr1marily
biotite) tends to increase up through the lower gabbro and

‘into the middle gabbro. Above the EMGB, in the granophyres,

s

amphiboles form the wmost important mafic minerals. These*

observations attest to an increase in H, upward in the

sill.

v . ,?\(_,--4'

Pyroxene grain siz‘es show an o-verall tendency to
it;xcrease up th;'ough theilower gaf:bro and into the middle.
gabbro. The grain si'zre'of any igtl'xeous rock is a functio'n of

‘cooling rates, composition, -viscosity, -and volatile content

»
0f the magma, number of crystal nuclei, a'.nd movement 'of f.he
magma- (Hyndwan, 1972, page "46). Thick sills {which cool
slowly) » such as the Tasmanlan dolerite show pyroxene gradins
as mucﬁ as S5 mm in length (McDougall, 1962). The relatively
thin Cape St. Mary's sills show pyroxené graiﬁ sizes (in the
middle)- exceeding 10 mm! Though the gtHer variables

mentioned above cannot be eliminated, ;he best . explan'ation_

. ! aQ
, .for the coarseness of the middle gabbros would seem to be =&
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high vola'tile content. According to Hyndman (1972, page 47),
volatiles t_gnd to limit crystal nucleatloﬁ by weakening the
bonds - b;‘gtween silica t‘etr"ahedra. 'Secondly, ;hey increase the
rate of crystal growth i)y lowering magma v.i—scosit_y, . and
,increaz_sing“ lon _dif;xsion rates. The net result is rapid
" growth <;f a few crystals.A to produce a - coarse-gralined.

el

texture.

'I“he fluctuations. in both plagioclase and augite
‘;émpositions may be related to gr'adiel;ts ‘in the vola;ile
ﬁt;n-tent of 7 the ;111 magma.' The com“position of plagioclase
‘pl'e;:ipirtating f".rom a silicate melt 18 controlled by the
composition and temperature of the nmelt (Bowen, 191'3; ,Kud‘o
and Weiil‘, 1970; woo;‘l'an_d_Ba’nno, 1973), and the teﬁ:perature
at | ‘uﬁic‘h précip‘itation begins is depe‘ndent on the volatile
conten't of the system. The extent of rglequilibration betyeen
.:mineral coré.s ‘and the c.ooling magma, and the rate of

“crystallizagion, are increase%\, with  high volatile

'pe;cent_ages‘- If the felsic dikes aund ‘layefs high' in the

v
»

sills acted as "drainage routes™ for volatiles, then the

-

vrelatively ‘high 'av%rage An and En contents of plagioclase
and pyroxene corés in SB?I’(which is closest to the

granophyres) may be ex;;'lained in terms of:v.'olatile loss in

this portion- of the sill. A loss of volatiles might have

pre'vente/d‘ reequilibration of mineral cores with the melt.

P

The occurrence of baddeleyite, zircon, and quartz in

the granophyi‘es records a wide range of silica activities
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which may , be ;elated,to increasing water pressures as ‘the

s1lls crystallized. Nicholls et al. ‘(1977) ’suggest‘that an

increase 1in the water content of a felsic 1iquid', -in‘cr‘gases

the activity of silfca. It seems like.ly th‘at the .occurrence.

of béddeleyit,e ~in the Cape St. fdary‘s sills records fairly

low silica activity, and that zircon formed on the

baddele&ite as si'lica activity rose, possibly in response to 4
increasing water pressure. Although quartz was not observed

'in the granophyre containing the baddeleyite, it commonly o -

occurs 1in some of the granophyres at Gull Cove, possibly

—_ because PH20 was even higher in these rocks. - )

- - ’ .
.

The importance of volac‘il? compléxing of. elements to,
‘differenci-aciorrl of the Gull Cove si]l may.be re‘fleqted in
the relative enrichmept/'deple;ion of elements in the
'endmem‘ber rock types (Figure 4.24). Nearly every element
which shoﬁs enri_chrment. in the EMGB (Figure ’4.24a) is
proportionally depleted ip the DMGB (Figure 4.24b) and those
depleted 1in the(EMGB .;re enriched in the DMGB. Inspection of
Table 4.20 shows ' that elements° enriched 1in the DMGB
generally occur at low congentrat.ions in the gran‘ophyrevs.
Similarly elements 'si.\c.h as §i, Al, Ti, Na, Ir, and Ga make
up laltge pfoportions of (or ;ﬁow high concedtratiops 'iri) the
granophyres but ;re depleted 1n the DMGB. However, l:'he o
alkali z;nd alkaline garth metals, which display remarkable

enrichment in ,th'e EMGB, are proportionally depieted in the

grano‘"phyres (Fig’ﬁ';e 4.24c)., These observations suggest:




Figure 4.24  Bar-graphs ‘showing the movement of elements
within the Gull Cove si11l. Abbreviations wused are as
follows: contact rocks, CR; grandphyres, GR; depleted middle
gabbro, DMGB; enriched middle; gabbro, EMGB. See text for
discussion.
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1. After empldEement of fhi magma, thermogravitative
-pfocesses moved such elégents Ws S1,- Al, Ti, Na,
P, K, Rb, Sr, Ba, Nb, Zr, Ga, and Y upward and
concégtrated them in the upper levels of the‘
s111. Elements such as Cé}\Fe, and Mg, which were
not appreciaﬁly carried were diluted 1in tbe

«

resulting rock.

» »

‘2. Above the EMGB volatiles were apparently

;;>concentrated along certaln ~pathways which now

make (up the granophyres. As a~result the gabbros
closest to the granophyres (the DMGB) <{;re

depleted 1in most of the elements found enriched
_ . € . .

in the EMGB. '
L .

Y

~3. Some of the elements vcarried sy the wolatiles

[ +

were largely deposited 1in the granophyres (eg.
Si, Al, Na, Nb, Zr), where as others (eg. K, Rb,
S« , Bé), were apparently carried out of the sill

'system’entirel&.
.

°

(A\Q<-Implicit in_ the above statements is the .

conclusion that volatile cémplexing vas important

in. determining -~ which  elements ware
. . . _ .

T t. : :
enriched/deplgted during- the early stages of
differentiation when thermogravitative processes

. e -
may have been operat}ve, The elements showing

{ g C o




enrichment in the early formed'EHGB are similarly

"enriched in the granophyres- or apparently removed

form the sills system.

. In order to show which elements were concentrated in

-the gfanophyfe, and‘ﬁhich elements  were removed from the (

'system, entirely,i the folldwing calcq}ations were made and
o plotted in Figuré 4.24d.-Ma§s balan;e’c#lculations show that ¢

a;ﬁix §f appyoximdtely 80 perceat of the DMGB ﬁlus 20

pe'rcernt of the granophyres will yield a rock sinilar to the

. - -

MGB. The . two eleménts which fit the worst ‘in thése*

-

'alculafions (based solely on the ma jor elements) are Ca,
hich shows the gre;fest enrichment in the DMGB; and Na
which shows thé»éreatest,propensity for conéentration in the
granophyres. These. two elements were'mbsc conserved gy the

systém as a whole. .Solving for Na and Ca:

_DMGB + fGranophyre = v EMGB
Ca 11.17% + 1.35¢ - 8.93 _
Na 2.77X  + 9.64Y. = 3.56 . - ¥
X = 0.782 Y =.0.145

’

e to rationalizq'the fact that X and Y do

It ;s'possi
not . total 1.0 by Wssuming that all elements were removed to
.some extent m th system as a whole, and because the
chemical‘-analyseé_f r each rock must sum to ‘100 the Ca0 and
Na2

oxide, and the percenta

O are overestimate The relative percentage loss of each.

transferred from the gabbro to the

-
~




H‘granophyre wvere calculated as follows:

\

(0.782(A)DMGB '+ 0.145(A)GR - (A)EMGB)/(A)EMGB -

'~ Percedtage of A lost from systenm.

/,0.145(A)GR/(A)EMGB -

.

Pergentage’of A transferred from the gabbros to the GR

where GR = granoplyre

1

A = each major element oxide.

The same ca}tulations were aiso made fof the trace
e}eménts. The reghlts show'thatlla:ge percentages of Ti, P,
K, Rb, Sr, Ba, Y, V, and ";n were lost f;oﬁ the syste;.
,Sodiu@,‘ NB, -Zr, -and Y show 'fhe greatést propénsity for
concentration in theugranoph;rt. The” above obsérvations are

' %ummarized»in‘plctoriil form in Figure 4.25.
. ) o ; '
The extent - to.which any particular mobile element ;as

lost as oppoaed_to concentrated ‘in the granophyre appears

related to the stability of phases in the granophyre. Albite

is voluﬁecrically' thé most fimportgnt “mineral 4in ‘the
granoﬁhyres, and 1t§.f§fmation effect}vely_removediwa léggg
;portion of the' Na ‘iﬁ passing. goluti&ns. Phasé%‘sugh as
zircon, baddeleyite, and ;phene, found “in‘AheAvy "@neral'
separates of a granophyre from Lance Co?e, wepe;respoﬁq§b1é
for removing Zr, Nb, ;nd Y, as wéll as the REE ‘(see Figure
" 4.17). Phases such as biotite, o; K-feldspar, which could
haye temov;d K;;Rb,_andlSr; ueté appgrently‘ not sfable 1n‘
;g;e gténdph}re byétﬁm.

ig .




. . . v
Figure 4.25 Schematic diagram illustrating the movement of,
elements within the Gull Cove sill,
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4.3.4 Discussion of Sills

During the 1940's, 1950's, and 1960's numerous studies

3 Ca
documénted the variations in texture, sequence of mineral

formation, andvdifferentiation trends in layered intrusions.
The Cape St. Mary's sills show various charaéterisgics in
copmon with sills in general. For example, Wager and  Brown

(1968) pointed out that crystal settling is pkobably not an

important prdcesé in the differentiation of modt sills . and

* "is restricted to the early removal of phenocrysts present at
N the time of mégma~emplac$ment} This appears applicable td
" the Cape St. Mary'g §}lls as dbes the obsepxatioﬁ that the
-last fel;ic (pegmézikic)‘diff;rentiates,~neakly alwafs occur .
2/3 to 3/4 of the way up;most;si%ls (Wager and quék 1968). e,
However, the Cape St. Mary's vSill; show many textural, ";>.
N ) mineralogical, and _ chemical features which set them épart -
ffo@ {p% norm and fhese are summaf:zed below.. L .l -
’ - ' e
1. The Cape St. Mafy's sills ére ﬁych coarser- B S S
) f’- grainéd than‘is nogmélly the case for most sills
regardles{-of their thickness. ’ _
\\ ' ' :
'2. Hydrous minerals, espe;ially hiotite, occur 1in .
A relatively Lérge quantities throughout.the mafic
R portions of the sills. Magmatic ahphiboles occur

in the olivine cumulates at the base of the sill

at point Lance.




'ﬁ

Plagioclase cores show a re}akively large range
. . ¢

—

of , compositidns given that, the sills are

relatively ‘thin. The compositions are‘related to

“height in the sill and the proportéfns of
. /-/~

volatile minerals such as biotite.

L .
4 . v

Only high Ca pyroxene occurs 1in the sl1lls despite

the fact that the whole-rock chemistry of contact
rocks resembleg that of subalkaline rocks and 1is
Hy normative. Furtheifmore, quartz occurs in some

of the laterdifferentiates.

1

The high Ca "pyroxenes commonly show salitic

coﬁpositions indicative of low silica acrivities

and represeﬁtative of alkaline rocks.,

The presence of baddeleyite, ollvine, zircon, and
. . T .

quartz attests to a wide ranée of silica
- -

“ 1 ’
activities during the course of -crystallizatiom.

.‘;'. \
3

el .
The,EJ depletion trend shown by samples on an AFM

3 .
diagram (if - representative of liquids) may\
2, £ .
.indicate £f0, was very high. The trend Lsfclearly

-

unlike that normally seen. in either. tholeiitic or

~alkaline sills."

L I Y

8. Trace element concentfﬁtions and - ratios 1in the




contact: rocks = are representétive of those
. ! 3
associated with tholeiitic or tildly alkaline
- s . . i .

rocks. ) <

. . » - . N
9. Evidence preseﬁ?ed above suggests that volatile
= coﬁ}leﬁing of elements was an important process
L :
» . -
Y ., fn-différentiation’ of thé sills. -
. bl -
= +
~ ,* ' A e

~ : - ~

Several of the above {tems (1,42, 7, and 9) support the

/' ¢ . )
idea that the Cape St. Mar;'s 8i11s had unusually high water

> /! ° .
contents. The follpwing discussion. examines the possibility

- - »

that high volatile concentrations might also account for

spme. of the unusual mineralogiSEI attributes of the sills
XZ

4, S, and 6 above). The work of ¥ushif6 (1969) shows

that high water pressure causes the forsterite - enstatite

-

. X :
boundary curve to move to higher =silica contents (Figure
4.26a)y 1In other words, 1in basaltic systems, high water
préssufe tends to lower the activity. of silica. But in

felsic systems, high water pressure tends to increase the
. ' N |

activity of silica as shown by movement of

-

the “granite”

ninimum avéy from 5102 (Figure 4.26b aftef‘Tutple and,Bowen,
. 3 4

1958) .- Analogies with the s1lls must be_méde carefully
T . A .

because wateP pressure tannot exceed lfthostaéic pressure,

and in the case of the sills, the 3000 meters of overlying-

Lower Ordovician strata suggest pressures may have been

v

about 1000 bars. However - even at these low pressures the

amount of waﬁgr that wilﬁ dissolve in a basaltic melt {s
: L. . .
/e . . :
substantially higher than. at atmospheric pressure (see
e L ' :




. v
’ L .‘; N ﬁu -
L2 )
‘
- L
_e Figure 4.26 Ternary diagrams showing the effect of water

pressure on silica actsvity. The top diagram, after Kushiro
(1969) 1llustrates the efféct of water in a mafic system and
the 1lower diagram, after Tuttle and Bowen (19538), shows 1{ts

effect in a felslc system. No———me : \

17
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Figure 4.27).

It appears * that the starting s111 magma
subalkaline, but ‘had low enough silica activity to
precipitate olivine during the early stages of

crystallization. It also had high water content, possibly as‘-

a result of intrusion into wet unconsolidated sediments. 1In

a "normal” subalkaline magma, low Ca pyroxene voulﬁ have

been precipifated, but the I‘high water content of the sill
. magna depresse’d thé activlity of silica preventing its
formation, and enh.ancing the formation of hydrous minerals,
partii“\;\klarly biotite. The “low silica activitx also led to
the formation of some ‘c'linopyroxenes . with salitic

compositions.

Constituents not used 1@ the formation of minerals in
the mafic portions of the 5111.5 were possibly moved through
thermogrgvvitational transport  of volatile comp‘lex;as' in a
manner similar to that described by’ Hildreth (1981) for
silicic systems. In the upper reglons 'of the si1lls the
4 volatiles followed specific.  paths and formed the granophyric
dikes and layers. Mafic ui'-i.'ngral,s forming 1n- thi's ‘felsic
system were mostly hydrous (amphibole) as a result of the
high water content. The water content of -thev system probably
1ncre'ased ag crystallization proceedéd: and 1e_zd‘ to an

increasing silica activity 4in the felsic rocks, and ended

with the precipitation of quartz.




¥
] s .
Figure 4.27 Solubility of water in various magma types at
constant temperature and varying pressure. From Carmichael
- »

et al., 1974, page 323.

>-s
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4.4 CAPE ST. MARY'S DIKES

4.4.1 Whole—-Rock Geochemistry

Over 100 sawmples of the dikes were cqllected and,

petrographiéally examined but ounly four. were found ‘with

primary pyroxenes. Most samples show alteration resembling

that observed 1in the Cambrian flows; that fs, large ~ amounts.

Pf carbonate have been added to the rocgs. The freshest

-

saﬁ?les are emphasized in the following discussion but

-another problen which'complicatés i?terprefatidn of the dike

chemistry 1s the accumulation of.feldspar. These problems

leave a number of questions regarding the geochemistry and

‘ ~dgh '
origin of these rocks unanswered, however some

- generalizations are possible.

The major element and normative compositipns 'of the
three -least altered dPke samples are given i; Table 4;22;
and trace element concentrations are presented 1iIn Table
4:23. A ?omﬁlete listing of all Aaga 1s'givenA1n Appendix

B. Few of the major elements shoé any correlation with 8§10,

-

on variation diagrams (Figure 4.28). In genéfal, sanples

without plagioclase aécuﬁulations (héreafter referred to as
noncumulus) sgow 14 to 16 wt Z.Fe203 (totaliﬁe,.LOI f?ee)
and between l4 and 16th Y4 A1203 (LOI 'free). Samples with
plagioclase phenocrysts (cumhlus samples) display higher
Al,0 5 and lower Fe203. Nﬁncumulué samples'seem' to show a
negative <correlation between 5102. ;nd Ca0 (Figure 4.28)

whereas cumulus samples plot above these.

o

o’




Table 4.22. Major element
: dike samples,

SB66A -

SBS6G

10.
‘28.
0.00
0.00
26.95
19.
8.40
3.73
2,22

36 -

\0.33

46.50
1.75
17.10

~ 10.97
0.17
6.17
7.37°
3.64
0.46

0.5 .

.3.92

98,58

2147
29.67
26.30

0.00
- 0.00
18.89

9.76

4.01

5.53

2.37

0.94

Oxides in weight perceﬁt, Fe04
Norms calculated assuming Fep03

L
Swm

Total Fe - .
1.5 weight percent and remaining

Fe was 'Fe0. All samples from Patricks Cove (pocket Map B).
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Table 4.23. Trace element composition of least altered dike samples.

-

4

SB56B

SB66A SBS6G
Sr R 245 395 650
Ba _ 83, 1610 195
Rb : 1 7 4
Zr - ‘ 60 93 157
Nb 9 23 . 10
Y ~ o 23 30 o . 36
Ga , 18 19 20
v * . 222 276 - 218
Cr . . 352 248 186
Ni ‘ A 287 185 149"
Cu ¢ L 72 69 47
Zn \\ : - 101 88 82
* All concentrations”in ppm. . )
-All samples from Patricks COVE Note SB56G cuts SB56B.
Table 4.2 4 . REE concentrations in four dike samples. c
SB66A SB56B SB56GC SB52B
‘La . 6.59 6.27° 12.6 6.81
Ce 17.0 . J17.0 34. 30, 7.6
X Pr 2.97 2.49 4.56" 2.56
Nd 'Ll11.4 12.0 21.8 12.9 -
Sm 3.39 - - 2.78 '5.12 3.50 . .
Bu S 1.52 0.92 1.80 1.68
Gd 4.14 3.42 5.13 4.20
Dy 4.28 .3.15 4.36 3.98
Er 2.10 2.33 2.00 " 1:69
Yb - 1.32 1.49; " "1.82 0.99
T4
Concentrations in ppm. : .
All samples from Patricks Cove (pocket Map B). . LA
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Figure 4.28 Variation diagrams for selected mgjor élgments
- Cape St. Mary's dike samples. Also shown are leagt squares
Iines through the feeder ,pipe and non-granophyric sill data

-

"with ' the mean compositions plotted on the si11 1ines. -

Correlation coefficients of the lines are for thé~» feeder
pipes. aand sills respectively: Fe,04, 0.76, 0.30; A1203,
0.76, 0.24; CabO, 0.93, 0.58. All conceptrations-are in wg¢.

Ao

Z, volatile free. o S . o 3

\
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In comparisoh with the sills these fbcks show lower Cal
and higher -Fe203. The Cambrian lavas “and feeder pipes

exhibit much higher 510,, and lower Fe203 and A1203 than the

dikes. The TiO2 concentrations are generally betweén those

observed . in the Cambrian flows and those of the sills. The

rocks show a range of Mg' values (0.48 to 0.64) which should

‘not -be substantially affected By feldspar accumulation " in

‘the samples.  Figures 4.9 and 4.10 illustrate that both

.

41,0, and T10, display a negative correlation with Mg' . ° The

2713

corfe}ation ‘Qith~AléO3 cannot (entirely) be due to feldspar

accumulation because noncumulus samples occur at both ends

of the trend line. -

~

Trace element-concentfafions in the dikes (Table 4.23)
show sdme interesting, and in paégicular cases enigmatig,
;ﬁarac;erisfics. Mo;t elﬁments'sﬁow concentrations which are
similar to, or betweén;‘those‘ﬁf the sills and the Cambrian
flows and feeder pipés‘(Figure 4.29). The Zr/ﬁh rgtibs
mos{iy lie betweeﬁ 3.5 and 5.0, but three‘s#mples with low

Zr show higher ratios. The chondrite-normgli;ed REE

‘patterns for the dikes show a range of slopes (Figure 4.23

and Table 4.24) and normalized heavy REE concentrations less

than 10,

4.4.2 Minerdal Chemistry

- o

Representative analyses of groundmass 'pyroxenes from
> .
two dike samples, SB66A and SB56A, with different bulk rock

chenmistry (SB56A-similar to SB56G, Tables 4.22 and 4.23) are
L ‘ ' 4 ' '




-

. £y
. i
Figure 47,29 Variation diagrams for selected trace elements

L - Cape St. Mary's dike samples. Also shown are least squares

lines through the feeder pipe and non-granophyric sill. data
with the mean compositions plotted on the lines. Fie&ds
surrounding the feeder. pipe or sill data are shown where the
correlation coefficients are low. Correlatflon coefificients
of the 1lines for the feeder pipes and sills (respectively)
are as follows: Ga-V, 0.26, 0.15; 2r-Y, .93, 0.67; Zr-Sr,.
0.20, 0.58; Zr-Nb, 0.96, 0.50; Cr-Ni) 0.97, 0.9 all
concentrations are in ppm. &

> »
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glven 1in Table 4.25. fyroxenes from sample'SBSBA_have Wd,

< ) .
En, and Fs proportions of about 42, 41, and 17, where as in

1 ” ' .
SB56A. they average 49, 33, and 18 (Figure 4.30). Pyroxenes

in SB66A are nearly all augites, but in SB56A "the Wo
component 1is usually over 45 percent giving most grains

.salitic compositions. Some SB56A grains have more than 50
TR v S
percent Wo, and Al over 0.25 (atomic); they appear to be

fassaites (Deer et al., 1978). The concentrations of TioZz,

4

Na20, and,MnO (Figure 4.31) alsoc serve.to distinguish SB66A

b B : ;
augites (1.00, 0.40, and 0.20 weight percent) from,-the

salitic grains in SB56A (3:00, 0.65, 0.15 weight percent).

4,4,3 Discussion of Dikeé

; .

The smal} number of relatively unaltered samples makes
it difficult te éstablish;thé genetric relationships between
the dikes. The following pbintsAappear valid. The range of

R . : - .

!

Mg values show that the rocks are variably evolvéﬁ as a
result of the precipitagion of'fetromaghesian. Variations in
Ni concentratioﬁs 1llustrate that olivine was probably
removed and corresponding changes in Cr values suggest that
- glinopyroxene and/or. Cr-épingl were precipitat;d. Many

samples contain plagioclase phenocrysts which show that the

~mineral was on the liquidus at the time of emplacement, but

.

the lack °ﬁ a s]gnificant negative Eu anomaly 1in any of
chondrite-normalized REE patterns (Figure 4.23) suggests
that,SUbétantial amounts of the mineral could not hage been

removed prior to emplacement.

t - R ™ [ . 241
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Table 4.25. Representative analyses of dike pyroxenes.

SB66A5S SB6EAG SB66AS8 SB56A16 SB56A15 SB56A18

5107 51.91 49.86 48.21 45.95 45.61 44,79
Ti07 0.63 1.08 1.46 2.64 . 3.06 3.66 .
. N203 2.09 .3.76, 4.81 6.91 7.14 7.71 ¥
Cry03 0.20 0.18 0.39 0.02 . 0.02 0.02
Fe0 8.93 9.40 9.79 9.83 9.95 .10.00
Mn0 0.19 0.16 0.18 ' 0.16 0.11 0.14
’ Mg0 " 15.65 14.06 13.46 11.28 . 10.57 10.11
Ni0 0.05 0.08 0.07 0.03 - 0.04 0.00
Ca0 19.27 20.47 20.23 21.95 22.40 21.22 ,
Na)0 0.35 0.37° 0:37 0.64 0.57 0.69
K0 .0.00 0.00 0.02 0.00 0.00 0.02
Total 99,26 99.41 98.99 99.40 99.47 98. 34
5i 1.936 1.875 .1.829 1.751 1.740 1,126
Allv "0.064 0.125 0.171 0.249 0:260 0.274
AV 0.028 0.041 0.043 0.061 0.061 0.075 .
. Ti 0.017 0.030 0.041 0.075 0.087 0.105
Cr 0.005 0.004 0.011 ., 0.000 0.000 0.000 - °
Fe 0.278 0.295 0.309 0.313 ~  0.317 0.321 : ‘
Mn 0.005 0.004 0.005 0.004  0.003 0.000
Mg 0.870 0.788 0.761 0.64D 0.600 0.580 co.
Ni 0.001 0.002. 0.001 0.000 0.000 0.000
Ca 0.770 0.824 0.821 0.896° 0.916 0.875
Na . 0.025 - 0.370 0.026 0.047 0.041 0.051
K 0.000 0.000 0.000 0.000 0.000 0.000
o Total 3.999 4.016 . 4.019 4.035 4.025 4.012
) Ca Q“ 40.0 43.2 43.3 48.4 49.9 49.3 .
Mg 45.3 41.2 0.1 . 34.5 32.6 32.7 .

Fe+Mn 14.7 15.6 16.6 17.1 o 17.4 18.1

All séﬁples from Patricks Cove (pocket Map B).
Oxides in weight percent, all Fe as FeO. ..
Recalculated on the basis of 6 oxygen. - N

L




Figure 4.30 Pyroxene unadrilateral' showing pyroxenes from
the Cape St. Mary's dike rocks. The fields are labelled
after Le Bas (1962). .
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Figure 4.31 T10, ~MnO-Na ,0 pyroxene discrimination diagram
- Cape St. Mary's dike, pyroxenes. Diagram.after Nisbet and
Pearce (1977). WPA = within plate alkaline; WPT = within
plate tholeiite; VAB = volcanic arc basalt OFB = ocean floar
basalrt. ‘ ‘

L
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Elements »such as NB, Zr, and Y genefally behave as

incompatrible iﬁ;ments, during low pressure differentiatdion,

as most minerals commonly found préclpit;ting from mafic
magmas (ie. olivine, pyroxene, plagioclase5 displa; low
mineral/melt kD values (cf. Table 4.10). Ratios betu;én the
elements temaiﬁ relétivély unaffected, as do the élopes on
the REE patterns iFisute 4.23), be the precipltation-of
these minerals™(cf. Figure 4.8). However the ratios in the
dike samples show a reiat;vely large range of values (eg.

-

£r/Nb Figure 4.12), as do the slopes on . ‘the REE p;tterns

(Figure 4.23), which are probahly-related to mantle melting

processes (eg. K;y and Gast, 1973; Langmuir et al., 1977;

and‘ Pearce and Norry,-1979); Thege variations suggest that

. the dikes represent 2 or more magmanka;ches from the mantle/

The differemnces. in SB56A and. SB66A pyroxene compositions
.

(Figures 4.30 and 4.31) could be related to the low pressufe

N -
fractionation processes and/or high pressure (mantle

melting) processes.

4.5 NEW BRUNSWICK VOLCANIC ROCKS

4.5.1 Alteration Geochemistry - Beaver HarbourAAfea

A great deal of the compositional variation observed in
~ A

thévBeaver Harbour volcanic rocks (Table 4.26) can be

related to the alteration mineralogy obsetvedlrln genétal,

samples with high hematite cantent show high Ti0O; and Fe, 0,4
coﬁ%ared to chipfite rich samples with similar loss on

ignition (LOI) values and from the same stratigraphic unit
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Table 4:26 Representative analyses of Beaver Harbour meta-yolcanic -
1 - rocks.
.

BHR3 BHR1 BHRS BHRS BHR12B.  BHR24

Si0p 51.70 47.40 43.00 55.10 . 54.50 52.60

Ti0 72,08 2.38 1.40 0.68 © 0.58 0.55

41703 19.80 17.40 "13.60 20.00 20.80 18.20

Fep03* 12.36 12.50 10.86 6.11 7.53 6.08

Mn0 0.03 0.14 0.11 - 0.04 0.16 0.07

. Mg0 1.31 2.77 1.51 +  4.04 2.85 3.96

- Cal 1.14. 4.72 12.06 1.30 1.75 3.97

! Nap0 - 5.35 1.96 4,29 6.17 6.62 7.22

[ K20 2.54 2.99 1.47 1.49 " 1.29 0.13

. © ' P20s 0.12 0.42 0.57 0.23 0.08 0.27
- . L.0.1 3.12 7.23 10.92 3.43 4.19 .5.04

{ .Total .. 99.55 99.91 99.79 98.59 100.35 98.09

' . J Density? 2.840 2,825  2.622 2.585
. Rb 73 89 41 59 37 0

[ sr 274 109 230 434 465 631

| Ba 327 489 148 363. 336 .. 125

i Zr 296 223 209 129 81 121

foomb 16 12 10 18 7 14

i Y 28 46 .51, 15 6 13
! Ga 29 23 22 28 . 26 4 - 20 -

/ v . 159 B4 89 138 131 © 120 :
/ cr 0 57 o i 227 20 25 . .

Ni 0 56 0 58 - 48 - 44

[ cu 0 0 0 8 35 10

/ Zn 87 104 76 T 74 75

/ : *Major elements in ozide V.dt‘. %. -Total Fe as Fe203. - ) , -
Trace elements in ppm. *Density in g/cc. ‘

Samples BHR3, BHR1 and BHR5 are hematite bearing. . » :
Samples BHRB, BHR12B and BHR24 are chlorite bearing. ‘ L - h
i : : 1
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(compare BH&} anQ BHRS, Table 4.26). Some of the
compositional varlation can be related to the"additlon of
cérbonare' (as shown by increasing LOI values) to the rocks
with the most important effect_béing'an increase in Ca0 with
LOI (eompa{e BHR3 to BHR5 and BHR8 to BHR24). Chlorite rich
samples from wunit €3  (eg. BHR24) cannot be distinguished
f}om chlorite rich samples ﬁtom unit C2 (eg. BHR8 and
BHR12B), possibl} becéusg metasomatism haé homogenized the
compositions, or alternatively because they were originally

similar 1in composition.  The observation. that both rocks

contain abundant albitized phenocrysts supports the latter

hypothesis.

In discussing the effects of metasomatism an approach

-similar to that discussed for the Cape St. Mary's extrusive

rocks is employed. “The least altered samples are identified

and cohpaped,' while accountingi for 'volumg changes, with

samples showing greater alteration. In the case of the

1 N .

Béavef Harbouf volcanic rocks this is difficult because
samples céntainingAPrima}y minerals wereé not observed. All
of the chlorite rich samples probably have highly altered
compositlons because their Mg’ values (Mg = Mg/Mg +5 0.9Fe
atomic), which are’ abou: 0. 6§ are unreasonable given their

relatively high 8102 contents (55 to 60 wt. % volatile

free)., Similarly thelr T102 concentrations are un;easonably

low given that Nb/Y. (1.2) ratios are repreéentative of

‘alkallne rocks.

'Y
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Samples 'of the hematite rich rocks with low LOI (eg.

BHR3) show unusual compositions, but they are not
unreagsonable. They are comparable to some-of the highly
evolved fe;der pipe samples from Cape .St. H;ry's as well as
some Cambrian  flows from Norway (see section 4.7) Internal
consistency between the major and trace element indications
of petrogenetic charaéter.as well as the degree oé evolution
(section 4.5.3) sugge;ts that the rocks wmay represent
(felatively) primary compositions. Alzhough it is impossible
to prove this, these rocks. are ciearly better ;andidates

than the chlorite rich samples.

o . [ )

' - .

.Presentation of Data

The follg;}ng discussion documents 1) the relationship
between the hematite rich samples and chlorite rich samples,’

-2) the effect of carbonat'e addition . on the chlorite rich

sampléé, and 3) the effect of carbonate additTon\on the

hematite rich "samples. In order to -account for olume

{

changes, methods described by Grésens (1967) are used (see

section 4.2.1 for details of approach). - . . .

 A plot of 'yolumé change$ (fv Yalues)' necesgary to
account fbr the concentrations of vario;srélenents in the
ch;orité sample BHRB;Aﬁséuming it was derived from a rock
Qi;h a® composition representéd by thé”heﬁatite rich sample
BH§3, ére shégn 1n‘F;gufe 4.32. Elements with low fv: va%ues
ﬁévq prdbably been added to BHRS, and tHose‘H}th high values

‘metasofiatically removed. In the middle df the distribution




‘Figure 4.32 Volume factor diagram for three Camﬁrlan basalt
sanples from Beaver Harbour. The diagram shows the volune
change (f,)  necessary. to account for the corcencration of
each element in three samples assuming BHR3 was the parent

“ o

rock for a” and "b” and BHR8 was the parent In case c”.
See text for discussion. ) . .
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of points, and in rthe center of where elements tend to

Elupter is Al with an f  value’ of 0.933. "Apparently this

element was relatively wunaffected by the metasomatic
[ 4 4

reactlons which produced BHR8. Assuming constant Al and a 7

-percent volume decrease, an equation may be written which

relates additions® and subtractions of each elément (Equation
1l Table 4.27). These results are graphically displayed in

Figure 4.33a where the values of each element divided by

Al;0 3-in BHR8, are cdmpared by divisian to the element/Al 03

2
ratio 1n BHR3. Elements plotting above /the line, in

i

-

"particular Mg, - Sr, P, and Mn .were'added to BHR8. Those

elements whfch show depleted concentrations 1in BHR8 plot

v

below the line and include K, -Rb, Ti, Zr, V, and Fe.

The effects of metasomatic ' reactions which added
carbonate to both the <chlorite rich and hematite rich
samples are remarkably different from those associated with

the formation of the chlorite rich samples discussed. above.

Plpts' of fv'“assuming :constant volume for each element

.

(Figure 4.32b and 4.32c¢) show similar patterns for both the

* hematite rich rocks (BHR3 yields BHR5) and the chlorite rich

s

samples (BHRB»'yieids BHRZh). Note, however, that much less
carbonate was added to,BﬁR24:than to BHRS (compare LOI 1in

Table 4.26).

The fv diagramg shov‘thgc Ca was almost certainly added
to the .rocks during ‘metasomatism. The diagrams also show

N

that 1if Al remalded constant certain amounts of all. of the

»
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Table 4.2 7° Alteration equations - Beaver Harbour metavolcanic )
rocks. : '
Eqdation 1 )
100g BHR3 .+ l.41g TiO, ¢ 6.37g Fe,04 ' 1.08g K,0
1 - + 1.4 mg Rb + 15.7 mg St + 1.3 mg Y QN
i 3
‘ { B + 17.0mg 2r + 2.3 mg V + 0.1 mg Ga - .
.- T : . o
101.95g BHR 8 + 288y 8i0, + 2.72 MgO + 0.15g Ca0
+.0.77g N320 +VO.llg PZOS + 0.28g L.O'I
+ 0.2 ﬁg Nb + 0.6 mg Zn + 3.3 mg, Ba
. . - '
’ £, - 0.933 ?ssumxng A1203 assunling A1203 was coﬁsFant. ,
Equagion, 2 L)
. L00g BHR3 + 0.95g MnO + O.41g Mg0 + 12.5Pg CaO
+.0.52g PZOS + 9.31g LOI + 0.3 mg Y
114.87g BHRS  + 2.76g 510,°+ 0.49g TiO, + ‘4.32g'4A1203
+ 0.47g .Naéo + 0.87g K,0 + 0.3 mg Rb ot s
+ 1s2 mg Sr + 5.8 mg Zr + 0.5 mg Nb
< . )
+ 0.1 mg Zn + 15.9 mg Ba + 5.8 mg V
+ 0.4 mg Ca : Lo
tv + 1,14 ass.um%ng Fe203 was,. constant.
Equation 3 ' )
| 3P S
. 100g BHR8 © + 0.03g MnO '+ 2.69g Ca0 + 1.09g Na,0
! - .
+ 0.04g P,0, +'1.64g LOL + 20.0 mg Sr
. + 0.2 mg Cu '
99.99g BHR24 + 2.24g°5i0, + 0.13 Ti0, + 1.71g A1203' N
» ’ .
+ 0.06g MgO + 1.36g K,0 + 0.2 mg }
+ 0.7 mg Z2r + 0.4 mg Nb + 1.9 mg 2Zn
+ 1.4 mg Ni + 23.7 mg Ba + 1.7 mg V ‘ /
+ 0.2 mg Cr + 0.8 mg Ga
fv = 1.01 assuming Fe?_o3 was c.onstant..




Figure 4.33 Diagpan showing the effect of metasomatism on
Beaver Harbour samples. A. Enrichment/depletion - diagram
showaE'.the effect of ‘chlorite formation. Elements plotting
above the base line were enrfiched and those below depleted’
in the chlorite rich sample BHR8 assuming that Al,;04q
remalned constant and BHR3 represents the parent rock. The
B. and C. portions of the diagram show the effect of adding
carbonate to the hematite rich and the chlorite rich samples
(respegtively) assuming Fe,03 remalned constant. See text
for discussion. : f\

\
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ma jor elements, with the exceptions of Ti and K, would have

<,

to be added as a result of. carbonation. Alfhough this is
,possible, a better assumption may be that an element with a
slightiy'lowér f, value 'remained constant. - .Iron 1is an

important coanstituent of both chlorite and hematite, and

although {t was probably mobile during ‘the reactions which
led to the :fogmation' of chlorite from hematite, the ‘Ppresence

of one of the two minerals during carbonation reactions may

have rwsulted in its relative - immobility. Supporting this

e

Aargument is the observation that Fe plots In the middle of

R

the point distribution shown in, Fiﬁ'gqrea 4.32b and 4.32c.

Assuming that Fe 'rema;ned' constént during the carbonate
.inéteasomat«ism of ,both the . chlptite beafi,ng and . hemqtite
.bearing samples, .equations :2 and.3 (Table 4.27) relate the

" addltions and subtractiong' involved in the rea.ctions.' The

percentage changes, in element/Fe203 ratios between sample

BHR3 and ?.ther' hematite bearing samples with various LOT
contents bare shown in !ii‘gure 4.33b‘.' Elements plotting above
.the baseline were =énr19hed in ‘the mor'e, altere\‘lﬂ samples,
assuming Fe,0, vas. immobile. , S .
‘Elements comﬁonly considered immobile fa\r'e‘ -shvou'n in t.he'
midd ke ofiFigure-k‘.\33b. Some such as Ai‘, Si, va‘-,‘aud;va pl‘ot:.'f
reli-;1\;e1y» 'closé to the baseline and do ‘not" ¢change
appreéiably with ©YLOI. This suggests -that the carbor;xat-&

-et;uonatlai had very little effect on their concentrations,

or on the Fe concentrations, since they are divided by the
- » . ' o
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latter. ‘Eiements .such as P, and Y, as well as Zn, and Mn

have ‘apparé'ntly been 1ncreg"éingly added with the ‘"carbonate.
It is .lmpor\:anf to néte\ that the éffect“of using any of the

above elem‘ents:as the immobile element uould'res'ult-in_ only

-

“'s_lighl:A shifts. in vhere all other elements plot relativé to .

{

, the baseline. Even more iinp'ortantly, the direction of change

» with Inéreasing LO0I, of eleéments such as P,' would not be

-o.

o

a‘ffecte:i..

The 'al'kdline. anc.l alkéiine earth elements were most
at‘f:ec,t'e.d by t.he ‘add-itio.nA.'OE 'carbotiate as shou‘n in thé first .
section of Figure 4.33b. Alt'hougtha and Sr were 1nit‘14'111y .
strongly d}ép).eted, the:l'r-co'n.centr.ations show a rgg;;lar
1nc-r,e;ise' with LOI. Both Ca and Mg show an overall tenden;:ly
to.inc,rease “ait':h LOI but Ba, Rb: and l( tend ﬁo decrease.

A sivuilla-'r diagranm was: con'structed'for the clhlorite rich
samples but t;.he rénge of LOI values in the a~h‘alyzed ‘samples
s muchK . smaller than in the hematite. rich saamples, _a_nd .‘tvo'

samples had nearly identical LOI vaihes. As a result 'Vonly

tWvo sets of data representing a limited range of LOI values

“are shown im ‘.Fig'ure.4.33c.. This makes it difficult: to  draw

S

conclusions as to whéther elements show any correlation with

. LOI. However the direction of mpvement of most elements

A

appears to, be the same as in Figure 4.33b, the '‘most notable

éxceptions being Rb, Nb, Zr, and Mn.
. - . .

. B . )
ot The chondrite normalized REE patterns for two chlorite
= - ” - ‘. " .
rich samples (BHR8 and BHR25) and two hematite rich samples

i

~
3
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(i!HR3 and BHR23)  are. shown in Figure 4.34 (concentrations
glven in Table 4.28). The patterns for BHR8 and BHR23 differ

from those n.ormally seen in unaltered basalts and andesites

in that they are not smooth curves. Hematite rich samples

¢

show patterns' which are convex upward with the highest

normalized concentrations between Sm and Gd. The chlgrite

)

rich samples tend 't,o. show . straighter pdtterns and one

(BHR25) shows LREE enrichment. ’ !

. . - . . .

Tﬁ-e’ alteration ovf ‘the Beaver Hart;our volcanic rocks

-

resemhles "'that of the Cambrian lavas 1in Newfoundland

(Chapter &) in that the reactions can be separated into two

" parts. The first and probably early phase resulted in the

formation of chlorite especially in samples from the upper

portions of unit C2 and all of unit C3.  The' second phase,

carbomate metaso-matism_, resulted in the addition of

cacbonate to the rocks, and variably affected all portions

of units C2 and C3.

o

Metasomatic reactions which 1led to the formation of
chlorite resulted in major additions of Mg, Sr, P, and Mn,
and removal of K, Rb, Ti, Zr, V, and Fe (Figure 4.33a).

These obserQations resemble- the results of e:&per‘imental

'studies on basaltic rocks which modelled the formation of

chlorite through interaction with seawater (Mottl, 1‘583).
The .experiments indicate that Mg is greatly enriched in the
altered rocks and that Ca, K, Mn, Fe, and Si are leached.

- ’
A

-




Figure 4.34. Chondrite-normalized "REE patterns of ﬁeavqf
‘ Harbour metabasalts. The normalizing values are from Taylor

and Gorton (1917). . o N
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‘A Beaver Harbour NB.




c ' . ~

«

Table 4.28. Rare earth elefent concentrations in four. Beaver
Harbour meta-basalt samples. '

BHRI. . BHR23 BHR8 . BHR25
r . L} ' i
Rock Type 1 Hematite Hematite ~ Chlorite Chlorite

L.0.1.2. 12 3.99 . 3.43 5.45

.24 £ 2.04 ’p’ﬂ-_—f\fiv 12.6

.2 6.01 10.7 30.1-
43 1.19 .50 3.26
.20 5.65 .35 146.0

.04 2.53 .55 3.10
.01 1.26 .62 1.46
.32 0 3.39 .83 . 3.11
.69 2.70 .56 2.20
15 6.97 .37 1.17
.67 0.77 .13 1.13

(4]

La
Ce
Pr
Nd
Sm -
Eu -
Gd -
Dy

- Er
Yb, -

(o)

O N W ko T e s N
.
OO - - O MO~ O

T I

Rock type refers to whether the samples are hematite rich or
chlorite rich. - : :
L.0.I. values in.wt. Z.

REE concentrations in ppm.

»
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‘Important differences between‘the‘experiments_and the Beaver

Harbour'_rocks. are .that Ca, Si and Mn are enriched in the
lattkr. The differences (particularly in the case of Ca and
Mn) ?may be ascribed to minor 6verprinting by the carbonate
merasomatism; |

i
;

i

‘ In natural systems Fe commonly increases in response to

'thefformation of chlorite. According to Mottl (1983)' this
‘ ;
i . . .

resplts from the fixation of © Fe through pyrite

pre&ipitation._?yrite did not form in appreclable quantities

durjing the metaromatism of .the geavér Harbour ‘”rogks;

pos?ibly becauné 'thé passing éolhttons were Hés -pobr.
Another %xplanation might be rhat the highly oxidized nature

1 .
of }he primary Beaver Harbour rocks (au‘ﬁindicated by | the-

abuhdance> - of ‘ hematlte) prevented réducing"condi;}dng

P

nechssary for the precipitation of pyrite. h“ T o
| The eiementd Sr, Ba, Rb, and Kn are';connonii-,enriched
. i ' .

during the alteration of basaltic glass hy aeawatet (eg.

-

Frey, et alﬁ, 1974), In the case of the Beaver Har bour rocks

“

oni} the firnt two were enriched . and in  the Newfoundlaud Do
lavas’ all | fbnr' .elénenig"”kere _ leacnnd " during. the
.Eklorrtizaribn'rencrionnf Theae, observatipnsv are»'probabI}
reI;ted ‘to ;he'nfatt that pr;mnr; feldspar (whlch might'be
.expected to hold the elements) no longer exists even A rhe

least'_altered samples from the two: areas. Chronium, Ni, and

Cu concentrations tend . to be very low 1n the ‘hedntite ?Tzh,

samples but show higher concentrationa in the chloritlzed
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>arocks. These elements ugré also -added during the formation

6f éhlorite'in-the_Chapel Arm basalts (Ch#p;er'b).

It is apﬁarén; that thé(i:}mﬁobilef elements did nof
Abeﬁave as iuch ~during the formaﬁioh.of chlorite (Fi;ufe
4.533){ Tltaniumfand Zr were pubstantf;11y depleted and 'P
-enricﬁed. Hellman et al, (1979)'reportvth§t.Ti, Zr, and P °
are depleted in thé H;ddin# métébasalts (AugtraLla) as a -
result of metasoﬁatisﬁ. The behavfohf;'of these elements
apparently varles considerably from one locality to another.
These va;iagion; could be ~rélated to difference; in tﬁe

2

content), the concentration of each element in the volatile

- ‘ phase when it enters the volcanic rocks, the phases preaeﬁt 

composition of the volatile phase (ie. H,O, 002, F, and Cl1

AN

- " 'in the rocks, and pressure and temperature differences
affecting partitioning between the mineral and flufd phases.
Until the) effects of each .of these’variables are better

‘/' T

. / : . . .
understood, the 1Implications of differences in element

»Behaviour vill remain unknown.

» . ’

. . o . The behaviour of the LREE in BHR3 (originally a vitric

la