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ABSTRACT
An extensive field mapplné, petrogtaphic and‘geocnemical
study ‘was mage of the major volcanlc and 1ntru51ve su1tes 5‘ '
assoc1ated w1th the Aphebian and Helikian strata of the East
,Arm graben, Great Slave Lake. In an. attempt to relate
magmatlsm in the graben to possible tectonlc controls in: the

3

’wOpmay orogen (Coronatlon fold belt), a " new tectonlc model
was proposed fpr the development of the orogen 1nvolv1ng the‘
“fgrowth and closure of a back arc ba51n. This model is based
on that of Hoffman (1980a) who sees the East Arm as an
.aulacogen‘whlch was genetlcally,connected-to.the Wopmay
orogen. |

Element moblllty céused dur1ng metamorphlsm of the
volcanlcs precludedrnormal petrochemlcal classification
‘technlques and therefore afi- exten51ve rev1ew of element
. \
'mObllltleS under these cond1t1ons was made. A cr1t1que and
subsequent synthe51s of avallable stat1st1cal magmatlc and “‘F
otectonlc cla551f1cat10n technlques was developed, based on
the use of high field strength elements and supplemented by
:analysesyof remnant cllnopyrogenes. Vatxatlons in trace
elements were used to determine the'amount and type of low
- p:essuréfé?jstal fractionation within each‘suite.and-to .

~

- deduce that almost every suite was produced from a different
" ‘magma batqht Magmatic t7Gr/vSr ritios and &'°*0 compositlons
- were obtained from.remnant igneous cllnopyroxene and, in
'conjunCtion-with "Gr/"Sr ratios from Rb/Sr isochrons,
indicate a'mantle deri;ation for mosttmaémas.

iv



A . e , .
The relationship betw:én\the geochemistry of the
volcanics, tectonism, and the metamorphic history is

. summarized below. N

L4
.

A prellmlnary cycle of graben deh-lopment was

jafed w1th potassic contlnenpél _1‘;h'ite (Wilson

sland Group). After initial m nut,thegslave

craton and alkallc plutonlsm at’ a-?ut'22f:

crustal extensjon was assoc1atdd wzth several separate

Ma, a perlod of

./

pulses of mantle der1ved trans1t10nal basaltic volcan1sm S
(Unlon Island Group) Contemporaneously, on the western edge

of the Slave Craton, a marginal ba51n was developed llhch ;

N

is now represented by the Aka:tcho Group.

Subsequent east-west COmpression and flexing of the
3
‘craton produced mantle derlved pota551c alkallne mafic

volcanlsm. These magmas produced oversaturated and mlldly
v

5

undersaturdted sequences in close association (Sosan Group)

and some appear to have been producéd from/ heterogeneous

« mantle segments ‘ochella’éroup)

Later subdud assoc1ated w1th the growth of the -

1Hépburn mass coindided‘with subalkaline basaltic andesites
in the East Arm which have chenical affjnitles to both arc
tholeiites and oontinental tholeiites that underwent marked
crustal contamination (Pearson Formation).

A subsequent period of calc4alkaline plutonism

(Compston laccollths) c01nc1ded with the growth of the Great

Bear ma551f and a phase of reg1ona1 metamorphlsm wh1ch reset - .

- Rb/Sr 1sochrons in the volcanlcs (1809130 and 181019 Ma).

¢

.ﬂ\
<



‘Metamorphic facies ranged from pumpellyite-actinolite to \\\
. » AR ) "

epidote-amphibolite with»incﬂgasing depth of burial and "Ah\\\

characteristic "low-grade" as¥emblages may have b eﬁ

produced under very-low-grade.tonditions by metamorphic

fluyids with Xco, values of up ﬁo 0.2.
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I, INTRODUCTION
The East Arm of the Great Slave Lake is a 290km'long,
WSW-ENE trending graben of Proterozoic age, located on the
boﬁnd&ry of the Churchill and Slave structural provinces of
the Canadian Shield. The basin contains a 16 km thick
section of Aphebién and Helikian sediments, the~§edimentary
succession being similar to that of the Goulburn Bésin,
which is on the northern margin of the Slave provinc% (Fig.
i-1). Both basinst* appear to be genetically related to the
Coronation fold-belt of the Bear provinée (Hoffhan, 1973;
Hoffman et al. , 1974).

These three basins';re of conSiderébIe importance
becausétHoffmén has érgued that the whole Eystem répreseﬁts
an example of platé tectonics in the Proterozoic. The East
Arm and Goulburn basins are considered'to be aulacogens -
intracraton%c grabens abut£ing at a h}gh apgle Ento the
Coronation Fold belt (Wopmay O:ogen)‘and geﬁetically related
to its developmedt.,The'Wopmay Oroéen represents at leaét
one orogenic event and was interpreted more recently by
Hoffman (1980a) as,haQing undefgoneAaf least one period of
spreading and subsequent continental collision. If this
model is correct, this stfuctural system represenﬁs the
oldest example of plafe tectonics yet described and was
thought worthy of a éomprehenSive igneous and metamérphic
study in addition to the published stfatigraphipa%'séédies
(Hoffman, 1968 and 19&9). Uhl%ke the Goulburn Basin, the

East Arm contains several ihterléyered volcanic and



subvolcanic formations which occur throughout the Aphebian
and Helikian s?quences, sometimes at several contemporaneous
volcanic centres.
| The main purpose of the present research was to study
the variation in chemistry and eruptive style of the

N
volcanics throughout the active life of the East Arm graben
and to attempt to relate this to tectonism. Because of the
stratigraphical correlation between the East Arm basin and
the Wopmay orogen, it appeéred to be po%sible to relate the
timing of each volcanic pulse to separate tectonic events
within the orogen. These events, in turn, might have acted
as triggering mechanisms for the volcanism.

Each Af ﬁhe volcanic centres were mapped on a scale of
1:50,000 to elucidate variations in eruptive style
throughout space and time and to add to palaeogeographical
reconstructioné baéed on previous sedimentological studies
(Hoffman, 1968 and 1969). Because all igneous rocks were
metamorphosed, their classification and petrogenesis could
not be based primarily on major element compositions whicp\
'mighE vary drastically as a result of methorphism. A
- litérature review of element mobiiity under ‘various
coédf%ions;of subsolidgs aiteration was made to identify the
most stablé,~petrdgenetically—useful elements under the
Vobserved cbnditions of metamorphism. These eleménts were
used to déte:mine,the original alkalin?ty of the
metambrphosed volcahic rocks (Winchestér and Floyd, 1977)

and, in as far as their relative concentrations can indicate
£
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the chemistry of the mantle segment from which a mafjc magma
is derived, they were used to evaluate the tectonic
environment of volcanism (Pearce, 1975 and 1980; Pearce and
Norry, 1979). An extensive review was made of the various
published magmatic and chemical classification schemes for
altered volcanic rocks and a "flow-chart” classification
scheme wés made from the most petrologically valid
techniques, in order to make the best available use of the
published information. In the present case, field evidence
clearly indicated that all igneous activity in the East Arm
was ensialic, therefore tectonic classfication diagrams were
only used to check each diagram for consistency; and as
variation diagrams to compare the stable-element contents of
each suite. The main thrust of the petrogenetic study was,
therefore, to use variations in high field strength elements
(HFSE), firstly, to determine the relative alkalinity of
each suite and compare thes; to modern analogues and,
secondly, to look for possible consanguinous relationships
between suites and to study their fractional crystallization
and/or partial melting history.

Because clinopyroxene.is often the only remnant igneous
phase in mgtabasites, several electron microprobe analyses
were made of this phase in order to classify, indirectly,

the chemical composition of the host magma (Nisbet and

\\ .

_Pearce, 1977). This phase was also analyzed isotopically to
provide estimates of the initial *7Sr/*‘Sr and ¢'*0 of the

magma .
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Because the metamorphlc mineral assemblages of the :,l .
' tJ ’ v ‘ﬂ‘
altered volcanlcs are often complex, a detalled petrographlc

-

and chemographlc study was made of all su1tes to determlne

the extent to which varlatxons in the comp051tlon of the

.metamorphlc fluid could cause this complex1ty

Flnally, an attempt was made to produce Rb/Sr 1sochrons
for the oldest and’ one of the youngest volcanlc formatlons

in the‘East‘Arm'ln order«to assess the time perlod needed

S

for. sedlmentary accumulat1on in the graben Both dates,
: however, recorded the same metamorphlc event of Hudsonlan

age.§
9/

. 4{\{,:
/



I1. GEOLOGICAL HISTORY OF THE EAST. ARM AND ITS RELATIONSHIP

" O THE WOPMAY OROGEN

_ . A. REGIONAL GEOLOGY'ANb'STRATIGRAPHY OF THE EAST ARM

\h [; The reglonal geology and stratlgraphy of the East Arm
have pgan described by Stockwell (1933) and Hoffman (1968,
1969 and 1972) with later detalled 1 50,000 mapp1ng by

\\vHoffman (1977) . The Great Slave Supergroup and assoc1ated
Wilson Island Union Island-and Et—Then groups form a
Proter0201c clastlc wedge more than 16 km thlck 1n the East
Arm of the Great Slave Lake. These sedlments and
1nterlayered volcanlc rocks have been preserved in a 290 km

'~ long tectonic basin on the south marginvof.the Archeam Slave
structural province (Fig, 2=1). The Great Slave tectonic
basiniis assymetrlcal: the gentle'flexure‘of'the north limb -
forms a sedimentary platform, whereas to the south a

;.“fault controlled trough occurs which is- bounded on the south
side by the'MacDonald Fault System. These are transcurrent
faults forming arcuate splays with sigmoidal’connecting
faults. Vertical movement on these faults has exposed the
Slave basement as small horsts in the southwest of the East
Arm (Fig. 272);ZThe&supracrustal sequence on‘the platform'ls
thin and dips gently towards the south but in the basin-it
thickens con51derably and becomes t1ghtly folded along
northeast trending axes within the MacDonald fault system

Three major supracrustal sequences occur in the East

s

Arm, each separated by an unconformlty. These are, in order
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~ Group plus the Great Slave Supergroup, and the Et-then Group

of decreaSing agel the wilson Island Gfoup, the Union Island

(F1g 2-2). The Unlon Island Group and Great Slave

supergroup are p0551bly separated by an unconformlty but in
recent publlcatlons ‘have both been included under the name
Great Slave“Supergroup (Badham 1978a, Hoffman 1981). The

“

supergroup consists of a succe551on of -dolomite and black

" shale (Union Island Group); fluv1al arenltes and minor

dolomite (Sosan Group); concfetionafy mudstones (Kahochella
Group); stromatolltlc llmestones and greywackes (Pethei

+Group) and dolomlte brecc1as and mudstones (Chrlstle Bay
' . O

. Group) The underlylng WllSOﬂ Island Group compr1ses fluv1al

aren1tes and the overlylng Et-Then Group 1s composed of
alluv1al fan conglomerate. All groups conta1n volcanlc
formatlons. A brief description of ‘the. stratlgraphy is given
in Figq. 2#3.; )
;These_sedimentary‘rocks were deposited predominantly'in
fluviatile, coastal and shallow‘marine environments betweenf:

approximate1y 2300 and 1800 Ma. Changes in sedimentary

facies and thickness across the basin were controlled by

protracted subsidence in the trough: the braided fault
splays in the southwest sepatated‘the thicker, often distal

sediments from the shallower water.facies of the platform,



B. DEPOSITIONAL, VOLCANOLOGICAL AND STRUCTURAL HISTORY OF
THE EAST ARM AND. ITS RELATIONSHIP TO THE GOULBURN AND
EPWORTH BASINS '

In order to relate volcanism in the East Arm to

‘_p0551ble structural controls, a rev1ew was made of

sedlmentologlcal structural and volcanologlcal data for the
East Arm and two other closely related - Proter0201c basins.
An attempt was then made to synthe51ze the data so that each
stage in the development of the East Arm could be compared
w1th contemporaneous eventslln the related basins. Th1s
comp1latlon was then used as a framework to assess dlfferent
and controver51al theories on the or1gln of the East Arm and
the related Wopmay orogen and to advance a new structural
model for ‘the latter. |

“The . stratlgraphy of the East Arm‘graben shows a marked
similarity to that of two other structural basins at the
margln of the Slave Prov1nce, both contalnlng Apheblan

~supracrustal,sequences These structures are. the Epworth

~basin (Wopmay orogen, zones 1 and-2) and the Goulburn basin

‘éfllohlgok aulacogen) (See Flg 2-1). This stratigraphic

similarity suggests a genetlc relatlonshlp between the three

structures (Hoffman et al. , 1970; Hoffman, 1973) which has
led to a plate tectonic: 1nte§pretatlon (Hof fman, 1973).

The Great Bear plutonic volcanic belt,. the Hepburn

plutonic—metamorphic'belt and the Epworth thrust belt

'(WopmajAOrogen, zones 4, 3 and 2, Fig. 2-1)®are interpreted

as -an orogen[whereas-the East-Arm basin- is a fault-bounded



\trough extending et high angles®from this orogen into the
‘adjecent foreland platform (i,e.‘an‘aulacogen) lHoffman‘
et al. , '1‘,.9'74; V'l{of'fman, 1980a). The Goulburn basin shows a
- vefy'similar'stratigréphic succession to the.East Arm but

A

with very scarce volcanlcs. The Goulburn ba51n 1s

- 1nterpreted as a branch of a now submerged aulatogen (the.

Taktu) whlch was.also connected to the Wopmay orogen
_(Campbell and Cecile, 1981).

| - .Because the volcanology of the East Arm 1is clearly
‘connected to -the structural hlstory of the trough which is
in turn controlled by the: development of the Wopmay orogen,

a correlatlon of dep051tlonal volcanologlcal.end:structural
"events between thep three ba51ns, and the Greet‘Bear belt ‘is
outlined below. This compllanlon was made using. the work of
:,Campbell (1980) and .Campbell and Cec1le (1981) for Goulburn
~ba51n stratlgraphy, Hoffman (1969) for East Arm
sedlmentology and paleocurrent data;. Hoffman (1973; 1980)
for the stratlgraphy of the Hepburn and Epworth thrust belts
'and Hoffman (1981) for the stratlgraph1cal correlatlon. The-
'correlatlon between the three sedlmentary ba51ns and the
Bear Prov1nce is dependent upon recent U/Pb 1sotop1c dates
’ from z1rcons (Van schmus and Bowrlng, 1980) These events
are outlined below, each lettered stage refegrlng to a
»diagram in Fig. 2-4. Some correlat1ons are ambrguous,
however, and'this comp11at1on must be con51dered as partly
1nterpret1ve.J The zones referred to in this flgure are the

structural zones of Hoffman (1980a) as shown in Flg 2=1. .

-«



Age dating and the seqoence of events in the‘Ea?t Arm will
‘be'discussed in Ch. 6 |
3) Early orustal thinning and trough formation
Within ‘the East Arm, a blmodal basalt- rhyollte sequence

"gave way to’fluv1al arkose, distal turbldlte and pelite #
(Wilson Island Group). Paleocurrent studies by Yeo (1976)
suggested that a WSW-ENE rift syétem had already developed
in the East ‘Arm, probably following the Hearne Channel to La;
Loche River faults : ‘ S \}

| Although the Wllson Island Group is cons1dered to have
no equ1va1ent in the other basins (Hoffman, 1981), the lower
4 km of the Akaitcho Group in Zone 3 Easton, 1980, 1981)
consists of_cont1nenta1 thole;ltes (Ipiutak Formation)
overlain‘by arkosic turbidites. In both areas, no
funequ1vocal basement ‘has been seen. The lack of rhyolltes
and trough—bedded arkose suggest‘that,a more’ thinned.crust
had evolved in the westetniSIave. However, a period of
intense folding affected the Wilson Island Group, whereas'no
<ﬂnnconformity has been reported for the Akaitcho Group. If
the groups aré'equivalent; an early period of intense
deformation in the WesthlaQe either did not occur otvhas
not been detected (the entire Akaitcho Group is intensely
defo:med and hae_now been metanorphosed»to;amphibolite

facies..
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b) Crustal extension, alkali plutonism and uplift
' Localized alkaline intrusions were intruded on the

~ south and- west marglns of the Slave craton- alkali gabbros

in the East Arm, “alkali gabbros and peralkallne granite in
Blachford Lake, and nephellne syenltemeud carbonatlte at Big
Spruce Lake. These weze\cut by a regional swerm of
mid—Aphebian;(Dogrib) diabase dykes (~2100 Ma) and were
thought to mark an initial period of fifttng-éaused by hot

1
i

spot‘activity (Hoffmen, 1980a) .

c) Crustel stretching with an incipient ocean basin on the '
western margin of the Slave craton |
| Eoth»the western Siave and the East Arm unaerwent

crustal tHinning giving a restriCted—shallou sea.or,
lacustrine environment (black sﬂale and'doiemite) The uuper
4 km of the Akaltcho ‘Group in the western Slave margln
centains subaqueous basalt rhyolite complexes- these are
,lcontlnental tholelltes whlch became oceanic (or

marglnal basin) thole11tes with time. Subaqueous basaltlc
:volcanlsm'occurred in the East Arm (Union Island Group).
"Hoffman (1973) suggested that theﬂwallsnof the East Arm
”graben would have,beeh uplifted during this stage. However,
the notable lack of 5111c1c detritus in the ba51n suggests
that crustal exten51on was more llkely, with severe r1ft1ng

in the Western Slave. Lacustrine condltlons probably

extended across the whole craton.

{
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d) Emergence fbllowiﬁg‘riftjng

Sediments’rénging from craton-derived, fluvio—deltai;
‘sandstones to submarine turbidites wére deposited in the
western Slave. Fluvial west-flowing braided streams Qccurted‘
in the basins. Fault movement took place both before and
during deposition of the Sosan Group-Hornby Channel
Formation in the East Arm~(Hoffman et al. , 1977; Walker,
1977) at the sahe E}me as minor tuff bands were laid down.
Thig stage marked the cdssation of rifting-with slight
upliftAdf the‘craton accompanied by vertical movement on the
MacDoﬁald fault system. | |
~e) Downwarping of the west margin of the Slave craton
Clastic sedimentation continued in th; Goulboﬁrn basin
, .(Campbell and Cecile, 1981) while the West Slave ng East
7Arm subsided producing dolomitic interfdeltaic tidal flats
(Sosan Group-Duhamel Formation in the East Arm). The tidal
‘flatslpasseg wes;wardhinto-theAblack‘shales‘of zone 3. TheSe'
facies are interpreted by Hoffman (1980a) as the shelf and
'rise, respectively, of a mature continental margin. However,
the black shales suggest that a more restricted margihai
basin Qas developed. | |

‘Minor basalts and tuff occﬁ;-in ;hé Jackson Island of
the East Arm (Hoffman et al. , 1977). These lie on a major

transcurrent fault, indicating that fault movement took

place in the East Arm during downwarping.

4
\
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f) Continued downwarping of the west margin ana continued
flexure of the craton

Black shale extended eaétward into zone 2, indicating a
/further subsidence of the western margin. However,
craton-derived, fluvial orthoguartzites which fill all
basins indicate the emefgence of most of the craton at this
time, suggesting an upward flexure as a response to
east-west tompressibh._DeSpite the onset of fluvial
sedimentation, the East Arm paradokiéally underwent its most

profound subsidence, to date, with fluviallsedgmentation on a

(
submerged platform (Sosan Group-Kluziai Formatioﬁj-giving

way to deltaic and shallow marine siltstones in the trough
(Sosan Grgup—Akaitého Formation). This indicates épreading
of the splayed fault syStem, some faﬁlts of which served as

conduits to the several localized volcanic centers.

g) Growth of the Hepburn massif
’Peraluminous, hornbledde-poor éuaftz monzonites
intruded zone.3 (Hoffman, 1980b). These gave U/Pb zircoﬁ
ages of 1910 to 1890 Ma (Hof fman, pefs, comm., 1981; Van
Schmus and Bowring, 1980) and were coeval with the
granodiorites which intrude the basement south of zZone 3
-'%f]900'Ma Rb/Sr.isdchrons, Frith.et al. , 1977). The Hepbgrn
plutons migrate to the east, bgcoming.Smallér, more basic“
and¢le;s deformed wiﬁh time (ﬁoffmén, 1980 a and b: Hoffmén

et al. , 1980). The Hepburn plutons clearly postdate an

important phase of compressive‘deformation marked by two
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regionally kinked, thrust faults in zone 3 (the Ogrark and
Marceau thrusts). The rising massif shed a thick flysch
wedge eastward into a shallow sea, or lake, which is now
;if;presgnted by concretionary mudstones (KahochellaDGroup ip
‘the East Arm), Eastward—migrating plutons cut this f1§sch
wédée and gabbro sills, .as much as 200m in thickness, cut
the flysch on the boundary of zones*2 and 3. Localized

volcanism continued in the™East Arm.

h) Mature Hepburn massif

On the basin margins, thin limestones with gypépm casts
(possibly sabkhas: Badham and Stanworth, 1977)'were ovgflain
by a shallow-marine to supratidal, stromatolitic;carbonate
platforh. Flysch was shed along the axes of the two basins
reaching its furthest extent ea;£wards (Pethei Group in the
East Arm). The listric fhruStxbelt in zone 2 was probébly,é
initiated at this time because palebcurre;t directions in(

the flysch are précisely axial to tectonic folds'(Hoffmah,

..1980a). T o

i) Eolassé phase .

“ }ntertidal red mudstones in the East‘Arm'(éhriétie Bay’
G:oup-Starﬁ Formation), andtevapériﬁes ané solution breccias.
Viﬁ’ail three baéins were ovefridden by éasterly—directed |
post-tectonic éfograding alluvial fans of molassé (Christie
Bay Grdup;TCChatwi and Pdﬁtage Inlet Formation'in the Easf

Arm). As molgsse deposition waned, basalt flows.were

LN
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extruded in the East Arm (Christie Bay Group-Pearson
Formation) with very minor, thin flows in the Goulburn
basin. | |

"In zone 4, the basement was overlain by fluvial.arkose
interlayered with baséit‘and rhyolite ignimbrites. Thé’
minimum date of this seduénce (1875 Ma), ié cémparablé to .
the younéest dates for post-tectonic. Hepburn plﬁtons (van
S¢hmus and Bowring, 1980) and therefore it may have been
contemporaneous with the yolcénism in the basins. This

sequence gave'way to a K-rich calc-alkali volcanic-plutonic

complex (Hiideﬁtand, 1981).

") Growth of the Greaf.Bear‘masgif
Compression in the East Arm proddced at least. two
N.W.-directed nappes:(Hoffméﬁ et al. , -1977). These were cut
byihornbiende—quartz diorite laccoliths of calc-alkaline
 type (Badham, 1?81).f1n the Bear province, "I-type" plutons
- of a similiar comﬁositiﬁn to those of the East Arm occurred
with'ignimbrite sheets, és resurgent calderas. The latﬁef
plutons became larger and more silicic with time (Hoffman
andrMcGlynn, 1977; Hoffman, 1980b). These two suites are
. contemporaneous: the dates are both 1860 +10 Ma (Hoffman,
..pers. coﬁm., 1981).l _ o ,
| After dextral wfench_féultingron the Wopmay fault, this
zone was inQaded by K-rich leucqgranites (1845 Ma: Hoffman,
pers; comm,<1981). Rb/Sr dates in the orogen appear to be |

reset from 1700-1850 Ma (Hoffman 1981, pers. comm; Easton,
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1980) and siﬁiliar data for the East Arm laocoliths show a

very wide ‘scatter (1750 to 1910 Ma). | g
\
k) Transcurrent faulting ~ i N

The final event in the orogen w%s the‘development of
hexagonal thrust plates joined by cohjugate sets of
transcurrent faults. . \\\‘

‘Dextral transcurrent movement of 60-88 km on the Wilson

‘Island fault plus uplift of the Churchill province shed

thick alluvial-fan conglomefates into the East Arm (Et—THen
Group). Downfaulting-at this time was prgbably responsible
for the present incread; in crustal thicknesé below the East
Arm, from 34 to 38 km (Barr, 1971). The MacDonald fault

system again acted as the locus fo}\basalt volcanism.

. Basement horsts were uplifted at this time, exposing the old

mylonite belt, and the older strata in the basin.

C. THE DEVELOPMENT OF THE WOPMAY OROGEN

Because the Wopmay orogen appears to be genetically‘b\
linked to the structural history of the East Arm, a
knowledge of the tectonic development of the orogen is

essential to understanding the tectonic\developmeht of the

graben. The model of ‘Hof fman (1980a) wi l be con51dered

fifst, and then an alternat1ve model w1ll be proposed for

the development of the orogen.

\\. R}
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a) The Model Of HoT fghyr

The most comprehedsive model so far available for the
development of the Wopmay orogqn;is that of Hoffman (1980a).
Two aspects of the model will béxcqnsidered separately: the
nature of initial rifting and the development of the Hepburn

and Great Bear arc massifs.

(i) Initial fifting
The East Arm and Goulburn basins are considered to
be the failed arms of connected triple-rift systems.
These systems developed as successful spreading ridges
on their remaining arms with subsequent ocean basin
formation and continental collision (Wopmay orogen). The
rifts were thought to be generated by mantle plumes.
This thebry is supported by the alkaline intrusions and
the extensive Dogrib diab;se injection, but especially
by the develodpment. of basalts similiar to ocean floor
tholeiites in the western margin of the Slave craton
(Easton, 1981). However, such composiﬁions canlalso
-~ characterize extensively thinned %odtinental crust which
- hasﬂprébably undergone maésive sheeted-dyke injection
& ,
but has not yet generated’pcéan ridges, (e.g. Afar, Mohr,
1978). Hoffman conéiders the earliest deposits in the’
East Arm, the penetratively deformed Wilson Island
Group, to be a remmnant of a previous cycle.of riffing.
However, Badham (1978a, 1979a) considers-this to be the _
initial step in a single cycle. By stressing the |

incompatibility of early mylonitization of the basement
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with the tensional environment of a classic graben, he
proposed that the deflection of compression between the
Taltson and Slave cratons during stabilization of the
Churchill Province produced continuous transcurrent
faulting during the deposition of the Great Slave
Supergroup. However, the MacDonald fault system clearly
postdates the mylonite belt (Hoffman et al. , 1977), and
there is no evidence of alluvial-fan conglomerate
deposition in the pre-Et-Then Group sequences, as one
would expect if transcurrent movement were dominant. The
marked similarity between the Wilson Island Group and
tﬂe lqwer Akaitcho Group suggests that a graben system
may héve béunded the west and south flanks of the Slave
craton before injection of "plume—éenerated" alkaline

intrusions.

(ii) The developmeht of the arc massifs - two collision
model |
Hoffman's (1980a) model for the devélopment of the

WObmay.ogogen (see Figs. 2-5 and 2-6) involves two
coqﬁinentai collisions and is an elaboration of the
single-cgilision model of Hoffman (1979). The deep water
_facies on the west margin of the Slave craton (Stage e,
Fig. 2-4) is seen as continentdl rise sedimentation on a .
mature contfnegtal margin and the Ggeaf Bear province 1is

considered to have been, at this time, a separate

micro—continent'fufther west. The foundering of this
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margin was,eaused byla westerfj{dipping oceanic
lSUbéuctiQn belon the Gteat'Bear'microcontiqent.
Colfision with this-micro—continent resulted in
thrustingxin zones 3 and 2 (see Fig 2—1), involving
contlnental rise sedlments, and ‘the subsequent intrusion
of the Hepburn bathOllthS (Fig. 2‘5). |
‘A period of.easterly-@ﬁpp1ng subduction thenibegan
produEEng.the Great Bear massif and the caICfaikaline' I3
flaccoliths of the‘East Arm.éThis was terminated by a
second collision with,Q:Seeond microplate to the west of é
the’Great Bear which Caused deformation of the Hepburn
. dplutonsilleucogranite intrusion ~and flnally reglonal
tranSCurrent ult movementA(F1g 2-6). |
Tbere are‘aqpumberfofproblems?witb'this model?:
First, the Hepburn batbblftbs—occur on.the*undefthrust'j
plate:vHoffnan explainsmthis byApartial”éelamfnation of

the llthosphere from the underthrust plate (Fig. 2-5)

and by two other mechanlsms. However, on all posttEecene a}i‘

continental collisions, calc-alkali volcanics-(eg
Turkey- Iran and’ Zagros) and plutons (eg. Alps) occur on:
thé\overr1d1ng plate “150 km from the suture (Ssengor. and
Kidd, 1979 Haynes and McQu1llan 1874, Hsu, 1979).
Furtbermore, syntectonic magmatism in the underthrust
plate is nornally sparse and leucogranitic, fer‘example,
in the high Himalayas-(Hamet and Allegre,v1976)-and in
tbe central tin belt of Malaysia (Mitehell, 1981).

" ' Clearly, the Hepburn massifbnas‘nothrbduted by such (v
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' magmatism.

f

re

Secondly, it is difficult to explaindthe lack of
proximai flysch which should have been deposited in the
Hepburh massif area by a cdntemporafy arc massif,:which
o&ght.td havé béen developed‘5n the oyerridipg plate. On
the contrary, thé Hepburn massif ié ifself the source of
the easterly—direct?d thick ﬁlysch wedge.
Thiraly, the difference in thé*style‘of‘deformétion
between‘the;Gfeat Bear and the Hepburn massifs. is not
easiiy undefstqod,ﬂif Hoffman's model is adopted.
‘ELnally, it is not easy to explain the lack of a
continental”suture~20h§, containihg amphibolites anar
fore-arc sédiments befween‘the‘twoAmassifs;
'b) An alternative model

Whereas Hoffman's model fdr_initial rifting'explains
the data well, hisvmodel for.the deveiopment of the
arc-massifs nééds to be revised. An‘aiterhati&e modei is
outlined‘%eldw. ‘ :

2
/

l(i) The development of the arc massifs’—'mdrginéi basin
_médel

The model proposed here postulates a marginal basin
ofvextensively'tﬁinnéd'coﬁtinental crust or incipient
océan f}bor development on the wésterh.margin of the
,Slave.'Thié is anaiogous to théﬂsoptﬁern Andes"whefé an
/eafly Cretaceous back-arc basin appeared (Bruhn et gl; ,

1978).. Subsequent orogeny deformed the,earliest‘blutons
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and created a back-arc thrust belt while synteptonic
plutonisﬁ became youngef to the east (Dalziei and ‘
Elliot, 1973)..In the southern Andés, the early a;c
appears on the outer micro- contlnent howgver because
rifted continental margins are likely to have an
i;regulaerutline (Dewey and Burke, 1974), a
subsequently-formed marginal baSinimay be'irregularly
shaped; causing a linéa: belt of.plutons‘tovint:ude'parto
of the mafginal basin. On the'westerly margin of the |
Slave craton, a notable re-entrant is seen between zones
3 and 4 and the, Hepburn plutons occur in both the rlfted
zone and the craton. The model is illustrated in Fig. =
2-7 and is outlined below. Each numbered paragraph |
Arefers to a particular stage in the tecﬁonic devé;opment
_of the orogen, which‘is depicted in Fig. 2-7. Each

v\\ corfésponding atage ia therspfatigraphical developmént
'is‘noted'by an index letter,'in brackets, which refers

‘to a relevent‘illustqation in Fig. 2-4.

1. Continental extension and rifting. -

An irregular marginal basin was-fbrmed with the

,wdevelbpmeht of ocean-floor tholeiitic volcanism.

d

3

More evolved basalts are qigploped in the East Arm
(Stage c). ;

| rThis stage of volcanism‘waa followed by a
pefiod of east-west compression which'wasvassoqiated
with the initiation of'easterly-dirécted spbduétion.

The back-arc shelf first flexed (§tagé e) and then
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buckhed and upllfted (Stage f) causing the
keystone-like fault blocks in the East Arm to spread
apart, deepenlng the basin.and produc1ng

© progressively more volcanism.

2. Oceanic subduction and the growth of the Hepburn

arc massif. -

Thekthinned marginalvbasin was an unstable -
platform for erectlng an arc ma551f -and the ma551f
was deformed as the- ba51n closed Contemporaneous
,thrustlng, thrust-klnklng, plutonvlnjectlon and
| uplift took place\(Stage g). The overall lateral
shrlnkage caused plutons to mlgrate to’ the east and.

0

become less deformed w1th time. The onset of

subduction and the deformatlon of thefmarginalfhasin"

transformed the east-west compressive strain from
the craton_inter“ior to it's.margin. 'Thi';u‘sed the
craton to‘subside from it'slggqarped statevand |
caused'the splayed‘faults in the East Arm to close,
leading to the cessation of volcanism. Thus,
back-arc folding in zone 2 was‘associated.withdless
abundant, deeper water volcanism in the East Arm

(Stage g).‘BackFarc thrusting was not associated

with volcanism (Stage h).

3. Ciosureféi the marginal basin.

The'plastic'deformation in zone 3 was completed

and molasse was shed eastward. The closure of the
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ba51n effectlvely 1solated the MacDonald fault

system from transferrlng stress from the subductlon

trench to the.llthbsphere beneath the East Arm.

Magmatism was now related to subduction.rather than -

to. dlrectly tapping the asthenosphere. Subalkallne

”'basalts appear in the Arm and for the first time in

the Kllohlgok basin (Stage i). The deformation style
changed 1n the East Arm' hlgh angle faulting gave
way to N.E.-dlrected gravity slides, each separated

by low-angle thrust faults.

4., The growth of the Great Bear Arc Massif.

Continued easterly subductlon produced a

calc-alkali volcanic massif (Stage j){ Thermal

uplift of the Great Bear massif, while-the Hepburn
Qassiﬂ&Cooled,.may have exploited an pld‘tault
boundarywof the}marginal haSin and produced the
Wopmay fault.

: The>change in focus of the arc volcanismAmay
havehbeen prodnced by a sudéen increase in the angle

of subduction.as a response to the final closure of

vthe marginal ba51n. The steepenlng of a subduction

zone during the life of a 51ngle orogen has been

advanced as a model for the Miocene of the western

U.S.A. (Davis, 1980).
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5, Continentalucollision and shear melting.
| Collision ofxthé‘Great Bear massif with the
tontinént td the ‘'west produced shear»melting along
‘the Wopmay fault. This Hudsonian thermal event reset
Rb/Sr 1sotopes, was terminated by transcurrent
faulting, and appears to have predated the
‘ fanglomeFate deposition by ~“50 Ma. The suture zone

is now covered by Phanerozoic sediments.
» ’ -

This hodel answers the problems of Hoffman's theory' but
has some drawbacks. First, the initial rifting to form the
marginal basin showed no thick outpouriﬁg of félsic
ignimbrite, as was the case in the éouthein Andes. This lack
‘of felsi¢ volcanism may have been caused S; the much thinner
crust ‘in the Slave province. Secondly, the initial flysch
from the Hepburn shows only plUtonic_and metamorphic
fragments and no e?idence of an eroded volcanic carépace,
 wh1cﬂ should have 8eveloped However, the overail
composition of the flysch wedge is even less adequately
explained by Hoffman's model (see above). ?he present model
gives a more reasonable explanation of the more impodrtant
elements in the Wopmay orogen, notably the compositioh and -
‘nature of:deformation‘df the Hepburn batholith, and the

absence of a continental suture zone. It also calls for only

one phase of crustal subduction.
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D. CONCLUSION
The sediments of the Goulburn basin, East Arm and
Epworth basin all indicate a similiar connected history but

show progre551vely deeper water condltlons and more r}ftlng

N, o b co
The western edge of the Gr#at Slave creggn was thlnned
"

to form a marg1na1 basin and areas "of the craton, already
?
weakened by Archeanmshearlng, fractured in response. Only

limited rifting took place before east-west compression.

buckled the craton causing splayed faults in the East Arm to

tap the asthenosphere by pressure-release melting.

The onset'of subduction ‘produced an arc massif along
with contemporaneous deformatlon in the marglnal ba51n, but
very little compressive stress was transferred to the East
Arm transcurrent faults.,Thls resulted in llmlted movement
of these faults and, therefore, in 1ess volcanlsm. W1th

closure of the basin, movement of these faults ceased.

Volcanism in the East Arm now became subduction—related 565?

-

volcanism also appeared in the Goulburn basin. Further

Vo

calc alkali plutonism was followed by contlnental collision
‘and over 70 km of d;splacement on the transcurrent faults.

Unlike the_Goulhurn basin, the East ‘Arm was more
favorably oriented and closer to the orogen to react to

:.‘
,4

compressive stress. East Qest compre551on from-the orogen
kY
would have caused dilation of the splayed fault system of

the East Arm, whereas “the faulgs of the Goulburn basin,

which has a N-S orlentation, would have closed. This may

kY

explaln the lack of volcanlsm 1m\the Goulburn ba51n. The
A - -

A ) ot -

i
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”foundered, E-W oriented coastal margin which connects ﬁhe
Goulburn basin to the orogen (the "Taktu aulacogen" of
~ CampQell and Cecile, 1981) may have had alsimilaf histofy to
- the East Arﬁ. ‘ | ' | |
The volcanism in tﬁe East Arm can‘theref6ré be reléted
tq;the>£éctonié thtrof% in the-Wobgay-orOgen;:Anew'moéei
~for the devglopment of this ofogén~has been advanced which,
by invoking the occurrence of a marginal basin, explains the
structural ﬁistory of the Hepbdrn batholith without iﬁvoking

a second phase of crustal subduction.



111. FIELD RELATIONSHIPS OF VOLCANIC AND INTRUSIVE ROCKS
A total of 18 weeke of field work were spent magping
and meashrihg sections in almost all volcanic ldCalities in
the East Arm. The scales used ranged from 1:67,000.up to
:35,000 for detailed work. The objectives were to detail
the facies varlatlons within the main volcanlc sequences 1ﬁ
order to eluc1date the environment and style of eruption.
The six major volcanic seguences are described below in.
stragigraphiCal ofder. Fig. 3-1 shows the location and
appﬁgximate eutcrbp pattern and Fig. 3-2 shows the relative
stratigraphical position of the volcanic suites.

t
\

A.  WILSON ISLAND GROUP VOLCANISM (WIGM, WIGF, and UWIGM)

The basal part of the Wilson Island Group contains the
oldest seguence of volcanic rocks in the East Arm (Fig.
3-3). A bimodal basal unit of over 1400 m_ of-amygdaloidal
basalt (WIGM) and red to pwéple rhyolite (WIGF) forms an
;1nd1v1dual massive flow un1t {3 to 30 m tthk) interbedded
‘with chlorite—muscovite schists,_fluvial trough-cross-bedded
quartzites and conglomerates. The quartzites display scour
structures; ripple merks and basalt intraclasts and are .
similiar to the foilowing tﬁick fluvial sequence. Local
flon of amygdaloidal éna plagioclasi porphyritic baealt
(UWIGM) OCCUr in the Pekanatui Point erea (Fig. 3-23). The

volcanics have been metamorphosed to epidoté-amphibolite

facies (the highest grade observed in the East Arm) and are

26
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cut by a penetrative cféavage. Neither of these phenomena

have been seen in the later sequences.

B. ALKALI GABBRO INTRUSIONS |
An impbrgént suite of differentiated alkaline

intfusions, thch were not included in the present study;.
occur within the area (Fig. 2-4b). The Blachford Lake’r
aikaline to peralkaline complex, on the north shore:of the
East Arm, northwest of Seton Island, consists of olivine
gabbro—norite to leucodiorite plutons, with later plugs of
syenité and of predominantly riebeckite granite (Dagidson,
1978; Badham, 1979b). ih addition,‘on North Simpssn Island,
“and ‘associated islands is an east-west tréﬁding alkali
diorite to monzodiorite dyke (éee Fig. 3-4) (Burwash and
Cavell, 1978). The'petrology of this dyke has also beehv
dégéribed,by Badham.(}$79b) WhO'réported ahgreater humber of

alﬁ\li—rich syenite analees.

C. MID APHEBIAN (DOGRIB) DIABASE DYKES (MADM)
These dykes commonly show trends of 035° to 070°,
thicknésses qf 10-30 m, and traceable lengths of only 300 m.
Notable exceptions‘exiét, and most sémpleé were taken from a
vertically dipping dyke®on North Simpson Island, which waéﬁ

100 to 225 m in thickness (Fig. 3-4). These dykes cut both =

‘the Archean basement and the alkali-gabbro intrusions and
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are unconformably overlain by the Union Island Group

(Hof fman et al. , 1977), and by Sosan Group sediments (Fig.
3-4). They may be commonly sheared, dlsplaylng'marglnal
carbonate veins. Variation in alteration and trend has
caused Badhan (1979a) to suggest two periods of early
diabase injection. Hoyever, the freshest dykes observed
invariably sﬁdw a 130° trend which was included by Reinhardt
(1972) in tHhe latef, Mackenzie diabase swarm. The latter is

a Helikian phase of intrusion of regional extent.

-

D', UNION ISLAND GROUP Vf)LCANI'CS AND INTRUSION$

Velcanics are obsarved in three.closely related
localiﬁies on the south side of the East Arm (Fig. 3-5). Two
" distinct ages of volcanism are seen. The earlyjmassiVe
dolomite and black slate ia overlain by a subaqueous
basaIEic sequenceaonktne mainland. A change in depositional
conditions, from an anaerobic to an aefobic environment, is
indicaﬁed by an upper'banded, possibly stEOMatolitic
dolomite and red shale. This later dolomite clearly
underlies a thicker basaltic flowdpackage, 10 km west of the
mainland flows. N

The sketched stratigraphical section of Hoffman et al.
iFig. 2, 1977)(see Fig. 3-6) implies a similiar age for 'the
two flow packages. However, fhe mainland section is clearly
overlain by the banded dolomite (not shown in this sketch)

and is itself 1nterlayered w1th black slate and thin
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greywacke beds (Fig. 3-7). This indicates a.change‘to a le;s
restricted shallow sea before before extrusion of the
ﬁhicker'vblcanic flows. Furthermore, the latter 1000 m

»~s§§}ion of basalts, northeast of Union Island, disappears 2

- km south (Fig.’B—g)'ieaving Sosan Group sedimenﬁs resting
-directly on the banded dolomite. Clearly) pre-Sosan Group
block faulting is'evident but local 40 m thick quartz-pebble
conglomerates and black-slaté intraclasts’ in the baﬁded'
dolomité, plﬁs the very thick,vlocalized wedgé of volcanics,
suggests that faulting‘may have been contemporaneous with:
volcaniém and probab}y controlléd the sedimentological
changes. A

e

a) Early Mainland Basalts (UIGIM) | . -

A.300m thiqk massive to pillowed basalt sequence :
divides into two distal flow—units whichkthin towards the
southwest but préduce overlying pillothalus deposits. The
lava;flowsyhave massive bases but the upper halves of the
"flows are pillowed. These pass.upwérds into broken pillow
breccias with anguiar pillow ffagments, as much as 10 cm
acrbss. The groundmass censists of co;rse lobate ash -
particles of ch1lked, amygdaloidal basalt set in f1ner,m'\
chloritized v1troclast1c ash. A flner, chloritic ash matrlg
may . be largely replaced by ‘carbonate. |

These breécias grade upwards into massive lapilli

tuffs. A related group of basalts occurs on an island 12 km

southwest (Fig. 3-5), where a 200 m thick pillowed sequence

-
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overlies pillow breccias.

b) Late Union Island area Basalts (UIG2M)

This eequenee is approkimately 1000 m ehick. It is
composed entireiy of pillows 0.3 to ! m across, with
concentric rings of amygdales and 3 cm chlo:itizeo chilled
selvages. Some are elongated into 10 m long lava tubes, a
few of wiich were drained and now display a geopetal
infilling of_dolomife, ankerite and quartz. A matrix of a

similiar ¢omposition fills interpillow spaces. Only minor

pillow-breccia is seen.

c) Union Island Grouo Diabase (ﬁiGDM)

| At leasf two plagioclase—phyrié, élomeroporphynitic
diabase sills, up to 200 m fhiok, intrude the mainland
sequence below UIG1M; They have chilled margins and columnar -
jeinting. Their age relationship to the lava suites is
unknown, but chemical 51m11ar1ty with UIGIM suggests that

, they may ‘represent a related sub-volcanic magma pulse.

‘d) Summary of Union Island Group Volcanism
'The early volcanic suite produced a typlcal pillow
breccia sequence from at least two southerly directed flows,
possibly formed by wave action in shallow-water (see
Kahochella Group discussion); The beoded seQuence may
krepresent ash fall or shallow water reworklng The later, e

,thlcker sequence was deposited in a fault-gquided trough
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which was rapidly subsiding in deeper water and did not

produce pillow breccias.

E. SOSAN GROUP AND KAHOCHELLA GROUP VdLCANIS”

These groups contain the most widespread”and texturally
varied volcanics. The volcanic suites were originally
included in the Kahochella "Formation" (Stockwell, 1936)
then referred to as the Seton Formation (Hoffman, 1968).

Volcanism was most abundant in three main/TSEalities,

each of -which was studied in detail (Taltheilei Narrows,. %;g

Seton Island and Pekanatui Point). Each area represents a‘

y and style of volcanism,

slightly different paleogeogr
indicating an inn;éése in de~“,%?f water to the south and
west. Taltheilei Narrows wa N ydﬁ 1cally actlve during ////
deposition of both groups. These centers are described belew
according to @%ratlgraphlcal sequence. The composite

stratigraphy is illustrated in Fig. 3-8.

a) Sosan Group Volcanism (SOGTNM, SOGTNF, SOGSI1M, SOGSI2M,

SOGSI131 and SOGSIF)

(i) Taltheilei Narrow5° descr1pt1on )
This area marks a fault line on the northern
platform of the graben which flrst underwent sub51dence
‘\ and volcanism during thlS perxod. A gently—dlgblng‘

southeasterly directed sequence,‘now largely covered by

water, occurs southeast’ of the narrows (Fig. 3-9) and a
J .

-

v
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felsio volcanic center occurs further west ﬂFig.‘3?10).

In both areas, massive emygdaloidel flow” packages
70 to -130 m thick (SOG%NM) occur, and in one‘place pass
-laterally into pillow basalt and pillow bgeccia.s
Deepeninokwéter is evidenced—byclocalized,'bedded
lapilli-tuffs to a@giomerates (pyrociastic flows).

This sequence is overstepped by a fe151c volcanic
center (SOGTNF) which llés directly on the basement
(Fig. 4—10) Rhyolltlc domes 0.5 to 2 km acrdss are
draped by over 200m of unbedded, ‘white to purple, felsic
ash tuff composed of crystal and’ llthlc fragments. At
the margins of the domes, a mantle of agglomerate cccurs
with well rounded rhyollte fragments 20 to 30 cm in
's1ze, set in a felsic matrix, DlpS from 0° to 30° are

\

seen in bedded tuffs, and slump spructures and cross .

TR

~ beds occur locally.
/ In thin section (fig. 3-11) these tuffs displey.
angolar to sub-rounded llthlc fragments in a |
hematite-stained matrlég?f crushed crystals and ash
Angular- shards of (now: chlorltmzed) basalt‘scorla are a
mioor-component but may be dominant in thin beds near
the base of the seQUence.>Welding was‘observedpin the
groundmass'of one ash tuff which das‘strongly banded:

dis%ontinqous shards were observed moulded around quartz

~and feldspar megacrysts (Fig. 3-12).

o ¥
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(11) Talthe11e1 Narrow5° interpretation
. The d1St1nct beddlng, cross- beddlng, slump1ng and
lack of weldlng 1nd1cates shallow subaqueousmdep051t1on,
probably of Ah ash flow aroundua growing rhyolitic dome.
vSeveral examples of the subaqueous welding of felsic
tuffs has been descrlbed (see Lowman and Bloxham, 1881),
weldlng being p0551ble at temperatures as low as 700 to
350 °C (Maury and Szeky-Fux, 19j5). The exact mecwanism
. of eruption is speculative hecauSe‘modern examples of .
submarine felsicjtlows are unknown. Pichler (1965)

. presented a model for the development oflsuch flows,
based on.Ponza, Italz. The model involves the in—situ‘
_formation of. a talus deposit by the subagueous |
spallatioh of'a*rhyolite;dome,'producing proximal.
'brecc1as and distal, unwelded ash'tuffs.‘This model has
been cr1t1c1zed by La301e (1979) who pointed out that
one would expect only a small volume cf clasts to be
produced by. the subaqueous extrusion of rhyollte, owing
to the thlck chllled margln that would be developed
Th1s mechanlsm’ﬁould also not explaln the rounded nature

7

of the clastS'in_the conglomerate blanket. The volcanic
. \ B . vz‘ ) N

5 : NI . ‘-n . | (J~ ’
. complex at TaltHé1le1 Narrows was more. likely produced

by a shallow, subaqueous, phreatomagmatlc eruptlon. The

»
;W
3

eruptlon produced an ash flow containing large blocks
which wererabraded and rounded in a gas-solld fluidized

system w1th1n the vent. Almost certainly, some of the

ash ‘was erupted subaerlally, but dep051ted subaqueou 1

ey

!
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After a period of tuff accumulation, the proximal

agglomerates were intruded by rhyolite domes.

(iii) Seton and West Keith Islands: description

Forty km southwest of Taltheilei Narrows an.

easterly dipping, dextrally-faulted seqguence OCCUrS df

ma551ve flows and volcanlclastlcs occurs.

Stratlgraphlcal columns were produced for part of the

_section (on the north shore of Seton Island) by Olade

and Morton (1972) and Hoffman (1972). In the present

study, the whole area was mapped-in detail in order to

document the style of eruption more fully (Fig. 3-13).

'Volcahiciastics and lava-flows form 40% of a 2500 m

section of shallow marine siltstone to sandstone which

is equivaleh@ tovﬁhe upper Kluziai and the Akaitcho
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Formations. Each major lithology is descrdbed below and

illustrated in Fig. 3-8.

B ¢
\

.>Flows and highﬁﬁevel_intrusions (SOGSIiM,
SOGSI2M, SOGSI3I and SOGSIF)
. Despite the metamorphism of these lavas, the

‘original’gektures are"pfeserVed well enough to
&

estlmaégrthe orlglnal plagloclase content and

B

roughly cla551fy them 1nt0‘maf1c or 1ntermed1ate

P

types{'As a :esuit; two phases of volcan15m~were

recognised which indlcated_a notablé z%ange in the



petrology and style of eruptidn:‘an earlyfbimogé%

ggifé was followed by the intermittent extrusion of

mafic to more intermediate lavas.

The early mafic flows (SOGSI1M) are massive,

‘grey—green to grey-blue in color, with amygdaloidal

flow tops, and form flowJpacﬁéges'ZO and 100 m

‘thick. A later group of thin basalt flows (SOGSI2M),

‘volcanics (so6¥

occursajust’belozgggg&ite of more siliceous

B

ﬁbich reaches 200 m in

y

ke e

~ thickness. SOQSI31 is éompoqed of grey-purple to

>grey—brown intermediate lavas with lenticular, pink

Vamygdaloidél trachyte domes. The latter reach 700 m

by 120 m in thickness in the final flow package on

Keith Island. The later flows show flow-top and

’flow—foot‘bréccias.

High-level felsic volcanism is represented by a

series. of quartz-feldspar porthrith laccolithic

plugs (SOGSIF). These are granular-textured, have

‘chilled margins and are emplaced 100 m above the

lower level basalts. They range,from.T to 3 km in
length and have length to thickness ratios of'10§1.
One lacqolith-is seen intrudiﬁg‘thé Akaitcho River
Formatibn 10 km north of Setonvlsiand (SE117) . These
intrusions are correlated with the felsic déme at

Taltheilei Narrows (Hoffman et al. , 1977) although

‘their depth of intrusion is clearly greater.
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2 Heterogeneous brecc1a to. agglomerate
ﬂ\

‘\mn

A prom1nent wedge shaped pyroclastlc unit,
reaching 200 m in thlckness, was mapped in detail.
It's thickness is greatest in the sonthwest of Seton
Island, where it is intruded by the felsic plugs |
which are veined and brecciated and.which olearly

“~shed detritus into.tne unit. The wedge tnins
.northward nhere’it is clearly mappable as three
lenticular'units»(Fig 3-8 and43-13)

| a. Massive agglomerate to lapilli tuff.

ThlS is a dlSCOﬂtanOUS wedge- shaped
unit,_35 m thlck;‘just above the rhyolite
domes._Sub—angular'blocks and rounded
lapilli’of basalt are set in a groundmass of
flattened unwelded amygdaloidal scor1a and a

l,

silt matrrm Dlstal parts of the wedge show

an increase of felsic and red sandsto e
fragments'with slumps and %%pples in the .
silty matrix. }

b. Bedded agglomerate to lapilli tuff,
The bed 1s over- 30 m thlck poorly

sorted and w1th 5 20 cm bands of alternatlng
-fine to coarse lapilli tuff. It is

. characterized by 1 to 4 om angular and
rounded rhyolite lapilli, with albite and
microolfneuphenocrysts~and an equal volome

of rounded'lapilli of plagioclase-phyric
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basalt and intermediate rocks. Only the
bedded nature and the higher mafic content
distinguishes the unit from the overlfiné

breccia.

 Heterogenous breccia to agglomerate.

This is the dominant lithology. The
unit thins to a thickness of 40 m on the
north shore and shows discontinuous internal
stratigraphf. Lenticﬁlar units of unsorted
and unbedded breccia (Fig. 3-14) may each be
over 5 m thick, but thin rapidly to 20 cm
thick beds which alternate with banded : <«
lapilli tuff of a similiar composition.

|R§unded to angular blocks of
plagﬁoclase—porphyrific rhYolite\occur; as
much asﬁ20 cm across. They are
lithologically similiar to thevfelsic plugs
but. héy show fractured, chilied matgihs.
Basalt fragments-are minor. Smaller iapilli

are siltstone, sandstone and fractured and

-deformed chloritized scoria. The fine

lapilli and ash fraction indicates a

heterolithic source : basalt, intermediate’

lavas, rhyolite and siltstone .plus fréctured'

albite.énd_QUartz crystals (Fig. 3-15). No
welding is seen. The matrix is commonly -

sericite and quartz, but with varying

«
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amounts of oa:bomate‘and with more chlorite,
albite and K feldspar in the lower part of
the sequence. Other, thinner, wedge-shaped
ﬁnlts occur abovefthe main phase.
d. ’Heterogeneous,»bedded ash to lapllll tuffs.
Y These are well-bedded, welI sorted,
beds, as much as 2 m in thlcknesi "They are
composed of dominantly felsic volcanic
detritus mith.a siltstone matrix and occur
1nterleaved w1th the 51ltstone above the
agglomerates. A somewhat similar agglomerate
to lap1111 :sequence occurs at the base of |

the successiop on Seton Island, 1nd1cat1ng

an eafiier~phaee of felsic volcanism.
3.'Homogeneous agglomerate to lapilli ﬁuff-

This unit is a lateral extension of the
intermediate laVas on‘Keith Island. It is unwelded
poorly graded and composed of the same intermediate
chilled lava fragments with a chlorlte plagioclase

matrix.

,
it

(iv) Seton and West Keith Islands: idﬁgrpretation

The felsic tuffs show a heé%rogenous composition,
lack of'weiding, rounded grains and are,interlayered'
with deltaic to marine siltstones. The tuffs are clearly
subaqueous and reworked and probablv largely epiclastic

(Fisher, 1966). However, the variable "igneous" matrix
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24d the chilling and rounding of large blocks in the
aggloherate suggest fluidization in;a phreatomagmatic
eruption, Therefore, 'as the water lévet dgeponed after
initial mafic volcanism, felsic lév%,injection led to
updoming, the production of a'ptoxihal subaqueous
agglomerate edifice -in the south of‘the island, with
reworklng of subaqueous flows on the (northern) flank.
Explosive dlsaggregatlon of pr¢v1ous lithologies led to ».
a progressive ino;ease in the degree of felsic detritus;
Latér-intormediate voloanism was.mdre;quiescent,
-folloued a progressive coérsening of the‘clastic
detritué,-and probably tepresented the subaqueous flanks

of a localized subaerial to shallow-subagueous volcanic

cone.

b) Kahochella Group Volcanxgm (KhGPPM KAGPPF and KAGTNM)

l"b
.

Deeper water, marine conditions qccurred throughout the

arm during the deposition of this group. The Seton Island
center became inactive ond brecoia pipes became active in
the Macloan Bay area, where they cut the highest Kahochella
Group formations. Volcanism continued on the olatform in the

Taltheilei narrows area.

(i) Taltheilei Narrows: description

Volcanism is exclusively basaltic in ggge and is
e - :

centered on a linear array of volcanic necks, now marked
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by brecc1a plpes (F1g 3-9). 'The main lithologies are

described below.'

. Vent breccias
At least eight cylindrical pipes from 15 m to
500 m in diameter cut all 1itgologies up to the
QMcLeod Bay Formation. ‘
This is a massive, unso*ted coarse lapilli
tuff to breccia composed of 40% pale green; ovoid
‘basalt lapilli (2-15 cm in didmeter) and 10% of
éngula;”to sub-rounded blocks of'porbhyritic
rhyolite with chilled margins. The size of
-resistant, angular blocks of porphyritic basalt,
disrupted reworked tuffs and Sosan to Kahochella
Group sediments may reach 30 cm. Mlnor rounded

inclusions of Archean basement grancdiorite and

e .
~.

- muscovite-pegmatite also occur. 50% of the breécia:
is fine grained voibanic ash and ash—siZed'
v1troclast1c scorla. The latter is angular to
subrounded and has an amygda101dal texture (Fig.

—16).'No~dlsto€ﬁlon or welding is seen. The matrix
is fine-grained‘quqrtz‘anderléépar with varying

amounts of carbonate.

- 2. Massive lapilli tuffs to agglomerates
On the flanks of the four central breccia pipes

are femnants of massive, wedge-shaped uhits, 10-50 m
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thigk, similiar to those that occur near: the clpse
of Akaitcho Group gediméntation. These éhow aﬁ
identical petrography and range of inclusions to the
breccia pipes, but with fewer'éngular fragments.
Fide lapilli show varying ratios va}ithic to vitric
fragments with lithic being dominant (> 70%)
passibly indicating a greater degrge of re&orking
than. the breccias. - |

Near the tuff pipes,’the:agglomerates show a
similiar massive texture (ﬁig. 3-17) and display a
partly erosive base: thé bed rests on mudstoﬁes
showing soft-sediment slumping and containing
‘pértially rotated and disrupted ironstone
‘intraclasts. The basal few meters also show a higher
concentration of large breccia fragménts.

In some more distal units a persisteﬁt bedding'&H
~occurs- and the wedge is divided intq 2 m thick bands.
:Aof alternating beds of coarse.and fine lapilli tuff.
" Both types of bed show poor sorting and no grading

_(Fig. 3-18).

3. Thin-bedded lapilli to ash tuff

) A massive agglomerate forms the basal unit of a
140 m bedded volcanic sequence which mantles two
prominent’breccia pipes. This sequence is dominated

by thin, parallel-bedded, well-sorted lapilli to |

ash-tuffs, These form alternating coarse and fine



42

! »

bands and normally well-graded units, 1 to 5 m in
‘thickness (Fig. 3-19). The tuff sequences are
‘interlayered with an equal thickness Sf rippled
siltstones.

Oon the flanks of the bedded sequence,’thicker
lapilli~tuffs may show low-angle, unidireétional
cross-bedding (Fig. 3-20). These tuffs contain'only
small pasalt lapillib(< 1 cm) with interstitial ash
‘torming a grain supported network. The‘coarse ash is
cemposed of %ub-angular to rounded, fine—grained ‘
mafic and fe151c lithic fragments. The remainder i;'
chlorltlzed v1troclast1c, angular granules. The
matrix forms 50% ot the rock and may.be chloritic or
largely winhowed and replaced by carbonate and
quartz. There is a rough correlatlon between the
increase of l1th1c fragments, the greater roundlng
of fragments and the increased replacement of |
groundmass. There is a wide variation in the ratio

"of lithic to vitric fragments (Figs.v3-21 and 3-22).

4. Lavaiflows'(KAGTNMd

Ma551ve amygdaloidal wedge shaped flows occur
in the upper part of the bedded sequence (KAGTNM)
These flow packages thicken rapidly andlcoalesce
just south of a prominent tuff cone. Three km from
this center,_the flows become pillowed (Fig. 3-9)
with individual pillows reaching 1 m, in 51ze Two .

km further south, the upper surface becomes a brokeny
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pilléw breccia. Sub-angular pale-green pillow
fragments of varying vesicularity are set ;n a dark
greén, lapilli tuff matrix. The pillow fragments
locallj form as much as 50 % of the rock, with the
groundmass cgmposed of a dark green Fp-phrple
unstratified, unsorted mass of chloritized, unwelded

' glass shards and granules.

(ii) Taltheilei Narrows: interpretétion

Thése lithologies 'suggest a subaqueouslmode of
depositioﬁ'for the entire pyroclastic sequence. This is
indicatedvby the notable lack of welding, and the common
presence of undeformed vitréclastic ash and of
ihtérlayered siltstones. A lithdloéical‘gradation occurs
between the vent breccias, the prbximal poorl: rorted
massive égglomérates and the distal, crudely bedded‘
_aggloméfates, and all three units contain.abraaed,
‘pfeexisting lithologiés and much vesicuiér scoria. This
séquence)fits a model of an explosive pﬂieatomagmatic
eruption producing a subaqueous pyroclastic flow which
' developed a laminar flow ;egime. This is a feasibie-
model because modern( laharic flows are often seen
ﬁpéssing downslope info bedded;vafieties (McBirnéy and
Williams, 1979}. Within thicker lapilli tuffs, bed—loaa
transport is also indicated\by cross—beddihg. Such
textures may indicate low-density base-surge déﬁbsits
which can occurton the distal edges of submarine flows

(Wright et al. , 1980) although extensive dune bedding
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is not seen. Alternatively, this feéture may represent
wave action on an emergent volcanic ediEice.

The equant, subangular ash fragments are
- well-sorted end the thin bedded-nature of .the ash to
lap1111 tuffs are typical of subaqueous ash falls
~(Walker and Croasdale, 1971). The fotable lack of
accgetionary lapilli and the presence of rounding and
winnowing was probably caused by”subaqueous reworking.

The emergent volcanic centr: was cappeq by very
shallow SUbaqeeous or possibly subaerial, lava-flows,
wﬁich flowed into the sea and were disaggregated by wave.
action. This produced every stage in the'charaeteristiqf
autoclastic sequence of massive lavas ﬁe'pillow-talus
deposits (Carlisle, 1963). Produetion of pillow breccias
in'this way has been observed by Moore et al. (1973),

}although these brecc1as are normally formed from hlghly

channel1zed or pahoehoe flows. Subaqueous pyroclastlc

tuff rings are commonly abraded and reworked, unless fﬁ

they are preserved by a lava capping (Ayres;;f§77).f R

(ii) Pekanatui Point: description ;5'%§~-,~g;;,:%i‘

- This section occurs 30 km south of Talthe le1‘

Narrows (Fig. 3-23). Because it is included in; twe *'?
northerly directed thrust slices, the sequencefpégbably

orlglnated 10 km farther southeast, where the. tu?? plpes

é.

of McLean Bay would have acted as lava condumés%
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Two 500 m thick sequences of pillow talﬁs deposits
(KAGPPM) occur. The youngest displays separate flow
units 25 to 100 m thick,’ which show all or part of a
standard, fining—upward)"autbeﬂastic pillow-talus
sequence (pillow lava, .circular whole-pillow breccia,
5roken~pillow breccié, see Fig; 3-24). Each of these'
stages may be as much as 30 km thick, with repeated
injeétion suggested by lava-flows overlying sparse
lapilli tuff. ‘

The matrix of the pillow talus deposits is a )

grain-supported network of two different fragment types.

Quenched-basalt lapilli.to ash occur with a vitric suite

of éuspate shards and vesicular granules of scoria which

is now chloritizZed (Fig. 3-25). Although welding is né;ﬁ”l
seen in the vitric fraéments,'some flatteninélpfrthé
vé#icules occurs. The lower’ sequence shows thinner flows
with less well-defined units which display répid"latéral

facies changes. During.deposition_of the MgLeod Bay

)

v, . T - ‘ ’
Formation, muscovite-bearing rhy%&1te domes,)over 2 km
. « 4 <

in length, intruded the volcanics at sufficient depth to

v

preclude any extrusive equivalent.

(iv) Pekanatui Point: interpretation
This thick sequenée was entirely extruded as a
fissure eruption under deep-water conditions. Thus, -

vitrodlaétic“talus deposits-were formed as a result of

L

thermalishock during the rapid quenching of basalt in

< 3

waterf(Cérlisle, 1963) rather than by wave action,



c) Jaékson Gabbro. (JAGPPM and JKGTN%)

This is a suite of d1abase dykes (up ‘to 1 km ia length)
and rarer plug- llke intrusions (up to 3 km across) which cut
both the Sosan and Kahochella group . strata (Figs. 3-10 and
3-23). These were sampled in both the Pekanatu1 Point and

“the Talthe1le1 Narrows area (JAGPPM and JAGTNM,
respectively), s
‘Wlthin the,TalthejleivNarrows felsic centerf(Fig; 3—10)
a differentiatedbgabbro to diorlte,plug indioates a'mqgh '
deeper level of intrusion than the Sosan-Group lavas which/
1t cuts. This 1nd1cates that the Jackson Gabbro 1ntru51ons
are probably all of Kahochella Group age
- 4d) Summary of Sosan and Kahochella Group/Volcanlsm
| The f1eld relatlonshlps and lltholdgaes are outlined in
Fig 3-26. As the basin subs1ded and fluv1al/gave way to
'marlne condltlons, bimodal volcanlsm took/place in shallow
water, causing the suppression of subaerlal (but water lain)
ash. in favor of a more violent phreatomagmatlc eruptlon in
deeper water, Volcanlc cones were built in both areas.
g As the”basin‘subsided subaqueous basaltic tuff rlngs
were produced and e:oded on the platform The tuff rlngs
were preserved from erosion only where wedge shaped flows
were present. Some of these rings were. over 6 km across.
Thicker ocasalt flows were produced/;rom fissure eruptlons in
the deep water of the basin., ThevVélcanic-stratigraphy is

therefore remarkably sensitive to.the tectonic picture.

~L,
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produced from.sedimentary isopachs.

F. PEARSON FORMATION (PEM)

~ This formation (PEM) consﬁsts of 200 m of subaerial

- basalt flows each commonly 2 to 4 m in th1ckness, but‘

extending up to 20 m in some cases (Flg 3-27). The flqws

wh;ch‘exhgblt sporad;c hematlte staining, are uniformly

'amygdaloidal have‘weathered flow-tops and chilled

nE
"k 41 >,

flow bases, and dlsplay flow- top and flow-foot brecc1as

Locally,_they are columnar jointed. They are 1nterlayered

"with red shales and brown 51ltstones whlch display rlpple

4

“ N
marks, dessication cracks and scour structures. In plages,

1

~there are very thin llthlc ash layers. The Pearson Formatlon

has a comparatively 1arge outcrop area and may have spread -

south of the Macdonald fault system to an unknown extent..

; o \

-G. QUARTZ DIORITE LACCOLITHS‘

A group of hornblende to blotlte quartz diorite
j :

_ laccollths,~each up/to 20 km long, outcrop over a distance

of 220 km along the graben. These are calcalkaline and

chemlcally ;esemble the plutons of the Great Bear. bathollth

however no obv1ous chemlcal trends are seen along the graben

(Badham, 1978c 1981) glv1ng-no evidence as to the polarlty‘

of the subduction zone which probably caused them.

ERI

()
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H. ET—THEN GROUP BASALTS (ETGM) W. 2 |
On a penlnsula next to ‘the Macdonald‘fault system asvr
- much as 1100 m of ma551ve, amygda101dal ogsalts are |
interdigitated with wedges of cross- bedded, alluvial fan
conglomerate of the Preble.Formation (Fig. 3—28). The
conglomerate wedges are thickest in @he lowest part of the
unit and rapldly th1n to the northwest Some of the.
sandstones are baked by the overly1ngalava flows. | u-
Flows are from 2 to 40 m 1n thickness, but average 4 m,
and display an irregular hematlte stain. Pipe and sheet
amygdales. (now filled with caicite, chlorite and "\
microcline), each up to 20 cm long, occur reSpectively'in
flow-foot and flow-top clusters. The oldest flows are
glomeroporphyritic with plagioclase'phenocrysts uo to 1 cm
in size, The youn%est fiows locally dfsplay flow-top
+ brecciation and oontain mudstone and sandstone fragments up
to 30 cmﬁatross. The environment is clearly subaerial-.the
baklng, hematlte sta1n1ng and, pa§§1cularly, the plpe and
,sheet amygdales belngﬁnotable characterqgglc (Ayres, 1977)
' The Preble Formatlon was dep051ted next to an actlve
fallt system. Volcanlsm took place during active subsidence
on the Macdonald fault system as 1nd1cated by-the great
stfatigraoh'cai‘thickness of the lavas, tne arcuate nature
of their bepding and the rapid thinning of‘the sequence. to
the northwest. The lava thus became ponded and limited .in

]

outcrop / o - e : L

/
/



. S .
A similiar, localized basalt sedquence occurs in the

Murky FQrmation’on the the south .side of Preble £sland

(Hoffman, 1977).

49
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IV. PETROGRAPHY OF THE LAVAS AND INTRUSIVE ROEBKS
The volcanicwsuitesjof the East Arm are subdivided

’

accordlng to stratlgraphlc-p051t1on, locat1on, and
icomp051t10n. They have’ also undergone differing grades and
aegrees of metamorphism. To avoid exces51ve repet1t19n, the—
~détailed petrography is presented in Table 4—1.‘Tnfs table -

”inqludes only the original igneous mineralogy. Optical data

[N

are given for the remnant phases and percentages are
estimated where the original texture has, survived.

metamorphism. Details of the alteration mineralogy are given

in Tables 4-2, 4-3 and 4-4. -

A"Y 1
iy <H

A. THE WILSON ISLAND GROUP

ThewsequenCe on Wilson Island has been metamorphosed to
epldote amphlbollte fac1es and represents the hlghest grade
of metamorphlsm seen in the East Arm. The rocks also

presérve a unlque penetrative deformatlon flattenlng and

AN

shearlng 1s indicated by granulated blastophenocrysts wlth

quartz filled pressure shadows (Fig. 4-5); deformed j”

amygdules, and flattenedL251nuous groundmass guartz veins, . _’

a) Basalts (WIGM)

The maflc lavas are domlnantly blasto poruhyrltlc but
' contain rarer medium- gralned blasto oph1t1c bands.,The
former dlsplay recrystalllzed plagloclase with Carlsbad h
“twins and embayed, recrystalllzed marglns. These are now

completely albltlzed but may reta1n zones of hornblende and

50
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bidtite inclusiogs (Fig. 4-1) and contain granular

‘ c11n020151te (Fig. 4-2). - A .

[}

The completely recrystalllzed schlstose groundmass

contains aggregates of blue-green act;nolltlc hornblende,

dark brown biotite and accessory epidote, repreSentlng :

altered'clinopyroxene TFlg. 4-3). The best: sch15t051ty 1s

-displayed in the finest groundmass; the mafic minerals being

interlayed with clear, granoblastic albite. The groundmess
also‘contains clusters of granular?sphene. The cbarSer
gralned blasto oph1t1c rocys probably represent dlabase and -

may preserve a lower temperaturel partlal greenschlst fac1es

,metamorphlsm (remnant labradorite plus chlqute and

carbonate) Some samples with a toleur index of 70-90 may
represent tuffs. The limited moblllty of Fe during
metamorphism is suggested by the occurrence of,cllnozoisite
in plagioclase and epidote in the mafic aggregates.

Rare intermediate lavas occur which show a colour index

of less than 35 and as much as 35% biotite with minor

Y

K-feldspar (Figq. 4-4). The hornblende to biotite ratios show"

extreme variation in the few intermediate samples found.

b) Rhyolites (WIGF) ’
‘These are blastoporphyritic and display up to three
euhedral‘hné subhedral blastophenocrysts. Orthoclase |
occasionally displays a granophyric mergin and perthitic\i.ﬁgé
replacement, plagioclase is pseudomorphed by albite with

minor clinozoisite inclusions and quartz, which is rare, is -




O

ﬁormally corfoded..The granoblastic, hematitE%Stained
groundmass is composed of K-feldspar (or ser%Cite),
untwinnea albite and quartz,‘and accessory ébidote (Fig.
4-5), ; ' . $ .
@

c) Upper-Wilson Island Group basalts (UWIGM)

f%he mafic fiows from the Upper WilsOﬂélsland Group
shales of Ba51le Bay are pllotaxltlc to. 1nter5€rtal and are
composed  of 55% alblte with a matrix of 1ntergr0wn chlorlte,
epidote and tan biotite, the biotite ranglng fropm 5 to 35%
in one outcrop. Titanomagnetite’ pseudomorphs are composed of

sphene. .

'B. MID-APHEBIAN (DOGRIB) DIABASE (MADM)
These are ophitic to intergranular and dispjay the

crystalllzatlon order

o0

011v1nn—labrador1tg t1tanomagnet1te aUgltE. 011V1ne is

mpseudomorphed by chlorlte and dolomlte put alsO ghows the

,,r'

typical greenschlst alteratlon assemblage of

epidote-actinolite and chlorite (Fig. 4—6)),
i o o
The plagioclase shows a narrow range of COmposition:

Anss to-Ans, in chilled margins and,phenocfyét Cores,, but
displays zohes as sodic as An“7. It.i5150—70% altered to
albite and Ser1c1te. The oxide phase is composed of “ —
ulvosp1nel w1§h exsolved blades of 11men1te. The augite is
pleochr01c, plnk to lilae: gﬁ;gﬁ, and shqws varioys degrees

of alteratlon‘to §1brousich}or1te, actlnollte a?d colourless

. » [}

A ‘& a . . ) g ! “)i" . ?u
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to pleochroic epidote (Fig. 4-7). Eighty percent of the
samples show!’traces of brown an‘iboie and biotite in the

. J
chlorite. :

C. UNION ISLAND GROUP

a) Union'Isiand Group La§as;(UIG1M and UIG2M)

Intergfanular, massive‘to variolitic'pillow basalts
occur, with metamorphic recrystallization moré extensive in .
the glassy textures., Olivine pseudombrphs contain a
diagnostic greenschist éssehblage (Fig. 4-8), while skeletal
plagioclase may be entirely altered to albite (Any to Ansg) ”
or sericite (Fig. 4—é), with rare patches of Kffe;dgsgz.

| Clinopyroxene shows a quénch, herringbone'texture in
the pillows and is bvgr 50% altered tb‘fibrous chlorite and
dolohiteé:lntersertal héts of -lower-refractive-index
chloritebform ﬁp to_éS% of the mode and replace the original
glass; The egquant oxidé phase is altered to sphene or

leucoxene, and crystallizes after the augite.

b) Union Island Group Diabase‘(UJGDM) -

These olivine diabase sills are texturally similiar t§
MADM but show a greater compositional range in mineralogy.
Fine grained margins display lab?adorite (Angs to Ansg), but
the very coarse plagioclases have mérginS as'sodic as Anjg.

The plagioclase is 60% altered to albite (Ano to Ang) and
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clinozoisite, mainly at the cores. Yellow to pink augite is
over half altered to actinplite-chlorite but minor
.idioblastic brown amphibolés occur with a green adtinolite‘
_ovefgrowth‘as an aLteratiﬁhVOf the élinopyrogene. Resorbed
titanomagnetite ig‘now altered to séhene witﬁ'remnant
ilﬁenite exsolutidnﬁlameilae along;[111]. A remnant

chloritized glass or granophyric matrix occurs containing

.fresh apatite needles.

D. SOSAN GROUP LAVAS

a) Seton and W. Keith Islands (SOGSI1M, SOGSI2M, 'SOGSI3I and
SOGSIF) \ | |

This sequence oftintergranular to pilotaxitic massive
lavas was subd1v1ded according to modal colour 1ndex,'
reveallng a basalt to trachyte schE551on (Table 4-5), Names

for the 1ntermed1ate lavas are based on chemlcal data.

(i) Basalts (socsi1M and SOGSI2M)

Olivine.pseudomorphs are found in a few of the most
Mg-rich lavas (Figqg. 4—i0). Plagioclase microlites are
completely altered to albite but patchy replacement by
K-feldspar may locally reach 15 modal¥ (this reflects
K~ mob111ty during metamorphism, rather than an oglglnal

trachybasalt comp051tlon, because these rocks haﬁé?an

anomalously hlgh alkali composition). Pink aug_te is

Yl
v

very rare, but some of the fibrous éhlorite—aolomité

(F
1,
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, |
pseudomorphs represent pre-plagioclase nucleation.
Titanomagnetite is over 50% replaéed by sphene. Within
ﬁhe chloritized groundmass, a high content of acéessory.

epidote ocgurs only‘with a low dolomite content, and

vice-versa.

(ii) Trachybasalt to Tristanite (SOGSI3I)
The intermediate flows (colour index <35) displéy]
the same mineré}bgy as the mafic flows but with no

olivine pseudomorphs.‘The matrix is ddmidantly albite

with minor apatite. Extensive replacement by K-feldspar

¢

again indicates non-igneous compositions,

(iii) Tracﬂytes (SOGSI31) /
’ These have a coiour index of ~10 and <5% groﬁndmass
quartz (Fig 11), and are pink'ih hand specimen. ‘Euhedral
%eldspap islset iﬁ an -aphanitic feldspér matrix with
minér sphedé and apatite. Both feldspar’phases ars
dominaﬁtly albite with 10-15% patchy replacement by
K-feldspar., Equant chlorite-actinolite patches may be -

clinopyroxene pseudomorphs.

(iv) Trachy-rhyolite:porphyries (SOGSIF)

| These plugs are porphyritic with phenocrysts of
checkerboarq albite with minor sericite or K-feldspar
alteratign (Fig. 4—12;. Quartz forms cofroded' ‘
phenocrysts. The groundmass shows albite microlites
followed, in-crystallizational sequence, by anhédrall

K-feldspar and over 10% quartz with minor granophyic'
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intergrowths., K-feldépar forﬁs as much as half of the
total feldspar. Its éss&éiation with albite and the
absence ofla calcic alteration phase suggests that |
anorthoclase may have been the dominant phase in the

trachytes ahd trachy-rhyolites.

b) Taltheilei Narrows (SOGTNM and SOGTNF)

(1) Basalts (SOGTNM) o
Intersertal basalts occur with rafé olivine
pseudomorphs. Plagioclase may be partly xenoérystal,
being strongly zoned and resorbed and'showiné‘a~wide
.range in composition (An;; to Anss). It is ~60% altered
to albite and dolomite. Remnant augite cores occur in
chlorite“pseudomorphs. Epidote varies inversely with
dolomite coﬁtent and is:not,present whén the latter
» N

reaches 15 modal%. A few intermediate compositions

occur, containing 65% plagioclase and 5% K-feldspar.

(ii) Rhyolites (SOGTNF)
Rhyoiites are amygdaloidal and sparséiy porphyritic
with resorbed quartz and sericitized.orthoclase
phenocrysts; Rare albipe phenocrysts occur with patchy
o K:féldspar replacement. The groundmass feldspdr is half
_albite, half K-feldspér.vThis rock is more fine grained

and»potassic than SOGSIF.
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E. KAHOCHELLA GROUP LAVAS

a) Pekanatui Point! (KAGPPM and KAGPPF)

(i) Basalts (KAGPPM)
The basalts show a similiar range of textures and

_alteration to the Union Island Grouﬁl Originally glassy
pillow basafts with minor olivine pseudomorphe, tﬂey
contain plastically deformedfﬁlagioclase'(Fig. 4-135 nbw,
.altered to albite and/o; ser}gite, and minoruK—feldspar.
Glass and pale brown clinopyfoieﬁe is almost completely‘
altered to chlorite and epidote and/or dolomite (Fig.
>4—14). Epidote does not‘occuf if dolomﬁte is present‘in
amounts greater thah'S%, and dolomite can form 20% of -

. the mode. The groundmass may be very.quartz—rich and

amygdeles show chlorite compositional zoning.

(ii) Rbyol te (KAGPPF)

Fine- gralned non-amygdaloidal rhyolite domes
contaln phenocrysts of resorbed quartz, plagioclase and
orthoclase (the latter have aiBite and sericite
replacement). Rare muscovite phenocrysts occur and the
matrix is dominantly K—feldspaf (Fig. 4-15).

N

b) Taltheilej Narrows (KAGTNM)

(i) Basalts (KAGTNM)
These olivine basalts show a similiar alteration’

mineralogy to SOGTNM. Pillows are more @xtensively



altered. Labradorite (An72 to Ang,) is at least BO% ﬁ@_

“ B

'altered td albite and dolomlte. The mafic component ma”il
contain epldote or c11n020151te plus chlorlte.“x,;

- Amygdales are zoned with calc1te quartz and varled
chlorlte composit1ons. Carbonate appears to represenﬂ a

late-stage infilling, occurring in veinlets as well as -

" the lafgest amygdales.

F. JACKSON GABBRO (JAGPPM and JAGTNM)

'The dykes are‘texturally.similiar to the oli?ine
diabase UIGDMl Plagioclase (An;o to Anuo) is ~75% alhered to
'alblte and carbonate.'Altered, colohrless clinopyroxene
dlsplays characterlstle greenschist facies assemblages but
oalso traces of a deep blue-green amphlbole and biotite.

The circular pluton at Talthe11e1 Narrows ‘is
‘mineralogically similar’ to the dykes but conta1hs a lilac to
b;own ahglte. Notablv the pluton displays a porphyrltlc
dioritic northern margin containing up to 70% ser1c1tlzed

plagioclase, with minor K-feldspar replacement. One sample

has t&ihned, euhedfal, salitic (2y = 60°) augite (?ig;

5% Iy

4-16).

G. PEARSON FORMATION BASALTS (PEM)
Intergranular t3 hyalopllltlc massive basalts display.

the crystalline order plagioclase, clinopyroxene, ,
o

P

titanomagnetite. Labrador;te (Ang, to Ange) may show marglnS’

of sodic andes1ne but may have coresl;a?faally altered to

h 4
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'albii§, blue-green pumpellyite and clinozoisite

5
3

strongly-pleochroic, white to yellow epidote. Colourless
clinopyroxene is over 30$ualtered to hematite-stained
ks 0 L =Y

chlorite with granular pumpellyite and sphene (Fig. 4-17).

Traces of a rare olive-brown amphibole ‘are seen, but no

K%feldspar is‘preségt In coarser textured rocks, the oxide:

phase is preserved as eguant magnetite pseudomorphs (now
replaced by sphene) and w1th 1lmen1te intergrowths. The
orlgénally glassy groundmass is now chlorlte:plus‘granular
sphene and hematite. An alteration assemblage of r
pumpellyite-chlorite and late calcite-quartz fills veinlets
and amygdales.'Pumpellyite is’notvobserved in thinﬂsections
with ;O 5% calﬁite. The chloriteais invariably first-order

grey . to yellow kn tpln sectlon in contraSt to the more

1 magnes1an anomalous chlorltes, showlng anomalous blue

;nterference colours, the lavas lower in the sequepnce.

. ‘u » N X . %
s R § .
. ¢ . R !
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H. EI THEN GROUP BASALTS (ETGM)

w

These mqsslve basalts contaln rare olivine’ pseudomorphs

- e

and.’ labrador;te (An,, to Anss) almost ent;rely altered to o

3

alblte and ser1c1te. Some 1ntermed1ate compbsltlons are
v P
suggested by 75% plagloclase. Colourless cllnopyroxene and

groundmass glass are altered to chlorxte, epldote and

sphene.,Large sheet amygdales (> 5 cm) contaln concentrlc *

zones: of calc1te, quartz magnetlte and mlcrocllne. Like the

@

Pearson ROrmation, the groundmass contains no K-feldSpar.or'

dolomite..
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~Fe-Ti ox1de and varylng amounts of glass 1n the lavas.

sericite or clln920151te. In the lavas auglte is almost

| | B | ~ 60

‘The or1glnal mlneralogy of the. predomlnantly maf1c e

4

‘rocks appears to. have been titaniferous augite, labrador1te,

011V1ne occurred 1n all except the wllson Island Group and

: Pearson Format1on, and n9 ev1dence of orthopyroxene

-crystallizationiw ‘observed Typlcal igneous textures are

preserved*alt the mineralogy is partlally or wholly

- replaced by metamorphlc assemblages.

At the . base of the succe551on~ the Wllson‘rs1and Group

e

Hatextures 1nd1cate total replacement of clznopyroxeng by

actlnollte,.hornblende, b;otlte and epldote and plagloclase

lby alblte and c11n0201s1te.;The stratlgraphlcally hlgher

Union Island Sosan and Kahochella'Groups contain dlabase‘

suites whlch dlsplay better preservatlon of prlmary

m1neralogy than the assoc1ated lavas. In the d1abases,

ug*te alters to chlor1te, epldote and aCtanllte and

vlabrador1te andes1ne is partlally replaced by albite and

V)

completely replaced by chlorite, dolomrte,and epldote and'
. L M g . | : \ - v Yo : :

Fe;Ti7oxides-by sphenef Near'the top. of the sequehce»the

Pearson Formatlon contalns alb1tlzed plag;oclase and

dlsplays a chlor1te pumpellylte ep1dote alterat1on of

non= pleochr01c auglte. L - -

\' .

The Sosan Group contalns metamorphosed trachybasalts to

trachyte whlch have a colour 1ndex of less than 35 and a

—




. ! . ‘ /

*jCOntalns alblte Potassjum feldspar 1ntergrowths in b°th
megacrysts and groundmass ‘'which may represent orlglnal
vanorthoclase. RhyOlltes from the the Wilson’ Island and

Kahochella Groups have remnant orthoclase and calc1c

'plagloqlase phenQCrYSts. ' S 'yf
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“suites is 1llustrated in Tahle 4-3. Brlefly, three distinct

p ‘ .
V. METAMORPHISM AND METAMORPHIC MINERALOGY

[! . : oo , . . r
s \ s . g o . . ‘
A, METAMORPHIC FACIES AND MfNERAL CHEMI STRY

A summary of the metamorphic mineralogy of the East’Arm

facies charaeterlstlc of very-low. to low-grade metamorphism
(Winkler, 1979) are observed, the grade becoming/higher with
1ncrea51ng stratlgraphlc age. The. maflc and 1ntermed1ate
su1tes are plotted on ACF dlagrams along with an lyses of
fac1es-d1agnost1c minerals, where these are avajilable (Flg

5-1). All, su1tes show some chemlcal compos1t1ons out51de ‘the

‘the normal range expectéd for basalts, and 1nvar1ably

contain samples w1th low Ca0 values.

5
v o
Figures 5-1a and b illustrate the ‘extremes of

metamorphism, from the albite-epidoteé-actinolite facies to

the\pumpellylte-actinolite facies. These facies are N ~

described below.

‘aﬁgﬁ S S T : PR
. it . oA . L . " ] ) .-

{

a) Albite- Ep1dote—Amph1bollte Facies . = |

Only the Wilson Island Group has been metamorphosed to
: 5
thlS faczes. The whole rock comp051tlons are not well

s

deflned by the analyzed epldote and hornblende assemblages

-on"an ACF plot because blOtlte cannot strlctly be

lrepresentedo(Flg. —1a) However, a whole-rock composLtional‘

'trend extends'towérd AtoFgo0, whlch 1s the blOtlte

'plerc1ng po1nt on thlS dlagram.

S

Ley
&

ORI S S
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The amphlboles are aCtanlltlc hornblende and

ferro- parga51t1c hornblende (Leake, 1978) and appear to. shon,

a composxtlonal gap (Flgs 5=1a and 5- -2a). Desplte the

_limited data the gap may be real because the two M ) g

comp051tlons can be obserued 1n oné thin sectlon-(e ‘g. in WI

8b) A comp051t10nal gap in actlnollte to ferroparga51te,

with a minimum of data points at an Al(IVY) content per

- formula unit of 1, is commonly seen in the tran51t10n from

low grade to medium grade metamorphism. Béoause-the»gap

- varies in size and composition, Grapes and Graham (1978)

ascrlbed it to dlsequ1lhbr1um and kinetic factors involved

in hornblende formlng reactlons. However Oba (1980) ﬁas '

;mrtremollte-pargasite at 1 kb.

o

of the glaucpphane‘mo'fcule'(Brown, 1977), i.e.

0 - LR

S~ Na(MO)AL(IV) = CaMg. LT ey

- - - ‘
is dependent upon the Fe’® content

o

This value, however;

‘since as this valud. increases, the total number of cations

<

per formula unit wil\l decrease leading to lower Fe(M ) and
h1gher Na(M,) and Al(IV). Fig. 5- 2 shows data points for a
range of p0951ble Fe”/Fe’* ratios, the most relevant ratros

belng those obtained from a linear equat1on relating Fezoa

to total Fe for a serles of epldote amph1bollt s and N

(o

amphlb%érte bearlng, Fe T1 ox1des and sphene ( rapes et al

“1977).
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Fig. 5-2b is an emp1r1cal plot (after Fleet and
Barnett 1978) that dlsplays the moderate Al-contents of -

amphlboles, characterlstlc of kyanlte free zone

amphlbolltes. F1g 5- 2q shows a semlquantltatlve estlmate of

=_.equiffbration pressure (after Brown, 1977). based on_the

-~

6

Na(M“) content of the amphlboles, whlch suggests a. pressure

of formatlon of 2 to 3 kb. i

Flg. 5 3 summarizes the experlmentally determlned v
. relatlonsh1ps llnk1ng low grade to medlum grade
metamorphlsm. Chlorlte free, hornblend‘gbearlng assemblages

are, restrlcted by the chlorite- out curve determined for a .

natx bagalt (LlOU et al . 1974- curve 2, Fig. 5-3). //,

o+

~'vM1n1mum temperatures d% 550 'C at reasonable pressures are;{
also supported by the pr&s@nce of staurollte in Wllson @,
Island Group pelites atrlsles du Large ﬁﬁoffman et al. ,
1977) Staurolite (Mg/Fe =0, 66) hasgbeen produceﬁwfrom
chlorlte and muscovite above 540 and 565 °C at 4 and 7 kb

ke respectlvely_(Hoschek, 1969). Further constraints on %
pressure and temperature can be made by analyz1ng the
plstac1te content of epidote, because the stability fleld
for epidote is_ partly dependent upon oxygen fugacity (LlOU
1973). An analyzed epxdote has a comp051t10n of Psz7 and

‘ containsbsomerremnant pyrite .and titanomagnetite; hematite
is absent.vTherefore,bthe‘oxygen fugacity durfng
-metamorphism was’probabl§ higher than that of the QFM

. buffer, wh1ch stablllzes an epldote of comp051t10n Pszs,gbut‘

lower than that«of ﬁbé HM buffer, which produces a Psi, -
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»epioote (Fig. 5-3). |
If NNO is taken as an'apgfoximate ogygen buffer du;ing
’ metamorphism, 2‘k5 is‘the ﬁiﬁimum pressure needed to produce
an albite-epidote—ho:nblende’assemblage.'If burial
metamorphism dhly was significant, and the complete Union
Island Group - dreat Slev% Sopergrqpp section Wefe present-
above the Wilson Island Géoup, the minimum metamorphic.

pressure would have;been 3.2 kb. The possible stability

e,

> s ;
The Pearson Formatlo very—-low
* grade pumpellyite-actinolg ,;orite'assemblage but ‘
actinolite 1is only sporad™ ﬂzy developed The commonest

semblage is epidote- pumpellylte -chlorite. This assemblage,

-

which has a high Al,0; content, 'is common because it largely

occurs as an alteration pfoduct,of"plegioclase.-The host

basalts are notvunusually rich in AMR:..

Both the epldotes and the pumpe?lyltes are, iron- r1ch
The negatlve correlation betw@%n total Fe and. Al in
pompe11y1tes suggests that most'of the Fe 1s ferric (Liou;
19¥§€%“T§§%%f5amples contslo‘over 50% of the ferric
‘s}ulgoldlte molecule and are 51m111ar 1n comp051t10n to. those

from’ the Quebec Appalachians

Kﬂd the Ta1wan ophlol1te where
tppumpelly1tg also replaces plagl clase (Trzc1ensk1 and’ |

Blrkett, 1982)% The hlgthe content 1anumpelIy1te does not .

a

_necessarily correlate qlth rock comp051t10n (Offler et al. ,-.

+
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1981), but does show a trehd of inverse correlation with
depth of burial (Céombs et al. , 1976; Liou, 1979)

The chlorite observed is Al- poor d1abant1te (Elg 5-4),
the Fe/Mg ratio of which depends upon the Fe/Mg ratlo of the’
whole rock, with Fe belng pfeferentlally concentrated in the
chlorite. Nplmlnerals dlagnostlc of metamorphic faeles are
seen in the Et-then Group. However, as in the Pearsobb
Formation, calcite is the onlg earbonate, and the“Grobp;s"
stratigraphig'position above the Pearson.Formatibn>sbggests

»

\ metamorphism at a similar or ev#; lower temperature.
~The pressure of metamorphism of ghe‘Pearson Form;tlon
is dlfflcult to determlne. A minimum ﬁ;es5ure for the
@%frence of pumpellylte actlnollte ﬁﬁ'an iron-free’ systema
is deflned by an 1nvar1an¢ point which occdis between 1 and
3 kb. (Wlnkler 1974) The mlnlmubwpressure causeduby buglal
due to the stralﬁ- exposed in. the gravity slides %d have .
‘been &?6 kb. Because pumpellylte prehnlte assemblages afe
not observed elther Fe may be effe;tlve 1; 1nerea51ng the
'stablllty fleld of pumpellylte or compre551ve stress was
mprejlmportant ‘than burial during metamorphlsm. T
_ - o o
c) Ep1dote-Act1nolxte/€hlor1te Fa&xes A : A e
The Union Island Group (Fig. 5-1c) commonly ccntalns
the typical low grade assemblage epldote actinolite- chlorlte
but shows 'an alteration trend, towards chlorlte—rlcb or
calcite-dolomite—ri%h samples. The;chlorites efe
. pyénochlorites shdying lower.refracti?e indices ﬁpén those

1

. B o o C
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of the éearsoh Formation and notably.more Al (Flg 5-4). The
amphlbole is typlcal act1n011te (Leake, 1978- F1g 5-2) and
L’Jepldote is PSzg. The trace occurrence of brown hornblende
and b10t1te in. the 1ntru51ons suggest that the .
epldote amphlbollte fac1es may have bee\“brxetly achleVed
'The Sosan and Kahochella Groups (Flgs. 1a and Te) show
tepldote -actinolite- chlorlte assemblages in a few cases, |
notably in coarser gra1ned£1ntru51ons, but are exten51vely

"¢

replaced by chlorlte; dolomlte and Fe-dolom1te. Chemlcal
T s :

_:altprati@n 1s greatest in the ‘glassy- textured samples, a
u,:

complete range of dolomlte chlorlte mixtures belng 1nd1cated

e

in the Kahochella Group. One Al-rich p01nt 1n‘the l@tter~«auﬁm,

group is a plag1oclase rich plllow fragment

i
N o
P R - s

. B. THE EFFECT OF THE VARIATION™IN THE COMPOSITION OF THE

METAMORPHIC FLUID ON ALTERATION ASSEMBLAGES R

“a) ﬁield Evidence and Relevant Theoretical andbExperimentalv
Work . . .
v » . | a
’Assemblages diagnostic of metamorphic-facies are often
poorly developed 1n these rocks, whereas chlor1te and

’ carbonate bearlng assemblages are commonly observed The

-latter asseﬁilages tend to obscure condltlons of

“ ” s

- %

metamorphlsm because ‘they can be Stablllzéd under cond1tlons
of temEerature and pressure characterlstlc of several
differént fac1es..Carbonate—chlorlte«assemblages are found

&

&Y
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elsewhere as small éomains throughout laumontite,
pumpelly1te prehn1te, pumpellyite-actinolite and

epldote -actinolite facies metabasalts and meta- ande51tes,
e.g. Taveyenne, France (Vuagnat, 1974), Kii peninsula, Japen
(Seki.g£ al.. , 1970), N. Maine, U.S.A. (Richter and Roy,
1974) and wOodSQille,.Vermont, U.S.A. (Harte and Graham,
1975), _respectiVelf’ Antipatheric relation%hips between

\
pumpellylte,aid calc1te, and between epidote and dolomlte,

have also beén observed elsewhere i.e. Karmutsen tuffs, B.C.
T o,

!

(Surdam, 1979%) and Fortesque-rlver, W. Australia (Vallanceﬁﬁ
. 1969) Vallﬁﬁie @&p%elned ‘these phenomena by postulating a
“ﬁN;;gh act1v1ty of Cozmln:the metamorphic fluid. High CO,
would stab1hf§§,€a and Al .in carbonates and chlorltes rather'
than in fac1 »s-diagnostic hydroue silicates. .
w' Thermodygamlc calculations relevant to assemblages
typlcal of metabasalt at very low grade and low to moderate
pressures,(2‘kb%\1nd1cate that pumpellylte and prehnlte
bearing assemblag&s would be sﬁppressed by a fluid with Xco.
W 0.2 (Glassley, 1974), and that prehnfte and laumontlte

would be restricted to equlltbrlum with a fluid of Xco, <

0.01 (zZen aiﬁjThompson, 1974).

S 4 a From flwﬁd ipclusion studies, th; compbsitioﬁ of
metamerphic fluids appear to be grade dependent. The CO; °
contle increasee with grade into upper'aﬁphibolite feeies
‘iﬁ‘both Alpine and Himalayan metapelites and fluids with
Xco, of 0.1 to 0.6 are fodﬁd in the,amphlbollte facies

\ ~
(Crawford, 1981) Th1s increase may be cébsed by the
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oxidation of reduced species such as CH,, which is present

in solution below the pyrophylllte isograd, or by

progre551ve decarbonation reactlons. It is therefore evident

that even small increases in the act1v1ty of CO, in a flu1d,
possibly caused by the solution of nearby sedimentary
carbonates, could have,afﬁfofound effect on the metamorphic

miWalogy{of‘ a bagalt.

b) Chemography : ' {gi

The observatlons above suggest that varlatyons in the

|
equillbrlum assemblage may occur at a fixed pressure and

' tempefature, giving rise to the assemblages Observed in A

Table 4-2. Relevant reactions were inferred from observed
combinrations of the six ACF-sensitive minerals among these

assemblages. . X

e

- -

Assuming fixed temperature'sﬁd pressure and mebile CQF
and. H;0, a'hultisystem of six, five-phase invariant points |
is theoretically possible (Fig. 5-5). The reaptien%heete:“
derived and placed using Shreinemaker‘slanalysis

(Korzhlnsky, T?SQl: The observed 1ncompat1b111ty of

pumpellylte and dolomlte def1ned the first two stable
. invariant points whlch, in turn, define a stable

< . . '
actinolite-absent invariant point. The three oj%er invariant

P

points are metastable.™The eleven reactions used to

construct the chemiéal—potentisl diagram‘ate given\ﬁn Table

5-1. The suites are identified according to .area rather than
< :

stratigraphic horizon in order to emphasize possible

BN



70

differences ln local metamorphic cqnditions.

The topology derived in Fig. 5-5 is presented on an
isobaric plot of temperature versus XcoO; (Flg. 5-6) . Thf
phases referred to in Fig. 5 6 and in the text below are
identified in Table 5-1. A few comments on the construction
of this diagram are necessary.

The estimated depth of burial for the
epidote-actinolite—bearing suites. range from 1;5.to 2.5 kB
(Kahochellakto Union Island Groups) and sO a pressure.of‘z .’f

kb was chosen for 1llustratlon, assuming P(flUId) =

5

P(total). Where p0551ble, 2 kb experimental data in
oA .
iron-free systems was used to construct this dlagram The

..reagtion (Dl,Ch) was 1nvesg§gated by Pluysnina and Ivanova
(19813:with Xco, ranging from 0.005 to 0.1. Reagtion (Pu,Ch)
was extpapolated.to high H;0 values from an ental

bracket at 480°C and Xcdy = 0.85 b%%xerrick (1974). ,
Kerrick's correctlons for non-ideal mixing in the flu1d I

H

render hls long extrapolation. valid. The (D1, Pu) was ,
. /- !
calculated using the thermodynamlc data of Rlchardson anL

Powell (1976) The 1ntersect1on of these three curves deflne

two invariant point’s’, but because (Dl Pu) was not corrected

for non—ideal mixing of the fluid, depicted temperatures are .
’ l
un1form1y too low and the invariant polnts too close
Q
together. .zfthe:nore, the small angle of 1ntersectlon and

®
the long extnépolatlon means that the p051tlon of the A

)

Pu- absent 1nvar1ant point 1is only poorly known. Other

react10n~curves were drawn using an integrated form of the

9

c o, II\ . can B30,



equation of Greenwood (1967) ;

: 0: '
I e
o axco:  Hp [¥€97 4,0

where Hr is the enthalpy ©f regctio”’ g nCO2*nH;0=1 ang

L S ,
are st01chlometr‘1c‘coefftrf‘lments‘fc?r he veactton: The

integration constant is €V2luated at Saqy ;jpvariant polnt,

The equation -assumes jdeal Mixing in thy flUld and a

ction ypter’? 1 wpe latter ‘i a

g for many

constant Hr over the read
valid assumption over 2 fewahundred e

mixed-volatile reactions (Kerrick,

for zoisite is from‘zen'(1972) and for bhmpellylte from

| Glassley (1974) Other data .are frOm RlQh r4dson and pow 11

(1976). There is con51derable ariation {p the publish |

enthalp1es of formatlon fOT these ml era 14 Those for v§~

c11n020151t9 and chlorlte (GlassleY’ 97 q) appear to Fe too

high when used with the other data'because ghey give curvgs

c . : L . T —_—
- with incorrect slopes (e-9° Pu~Ac)' he glopes can’ be

. . e
qualitatively determined'fFOm.the,GE enwood formula.

‘"The extrapolated’reaction (Dlrct) tyke? p1§ce at 350

°C but short extrapolations of rever Sal ‘for thid reaftion

= 0 gva 325 C at 2 kb

.y

in 1ron—free systems, Wltg quz

(Nitsch, 1971; Schiffman \fde¢ou. 0) serongly

_ suggéxxing that the Dl—absent invar ant - pint 'is placed’ at

(_ .
too high a temperature, BeCause thé DlﬂCt)-aﬁd (p1,Ch)

regctlons are probably degenerate'

197‘4) Ther‘modynamlc data

1

owWip . he wide Loy
Ny g0 F & wide :
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*;eariation in the cOMPOSition of pumpellyite, this may

C) Discussion ‘ '

ﬁrocks which prObablY extends to low-grade assemblages at

indicate a d&screpa“cy in the. experimental data for the two

curves, Finally, the inclusion of iron in the System will

‘Significantly reduce the temperature of 'the reaction curves,

€:9. 30 to 50 °C for thé (pl,ct) reaction (Pluysnina and

+

Ivanova, 1981). |

Even cons]&derlng ‘the leltatlons of Fl/gy’s,ﬁ/a few w

general observathns can be made about the effect of co, on

facies- dlagnostlc assemblages. Flrstly, the common,
-»
low ~grade assemblade® Of Ep-ac- Ch 1s relatlvelY lnsen51t1ve

to Wlde variations. in xCOz. Secondly, very-low~grade

¢

pumpe11y1t.—bearlng aSSemblages are suppressed bY a very a

small’ XCOz and can prOdu¢e 1nstead the Ep- AC‘éh assemblage

at the same tempefature- Thlrdly, Xco, valueS grEater than

0.2 Produce an Eg‘Dl Ch assemblage, in pumpellYlte bearing

® r
- : -

o

higher xco, values.

Both the very-~ l°w‘9rade and low grade assemblages of

}the East Arm- volcanlcs can be explalned by a narrow range in

'~temperature (300 to 400 °C) and metamorphlc’flUlds with Xco,

‘ranging from 0.0 to 0. ?-‘Because the ‘Pearson Formation was

probably metamorphosed at less than 2kb; Xco2 could have

‘been higher than indicatéd pecause both reactlons (Di Ac). .

} \

.%andéxbl Pu) move t° hlgher xCozfvalues with a reductlon in
PO N " e H -

A\

P€§$%ure (GlassleYr 1974 Pluygplna and- Ivanovar 1Q&J)

¢
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The apparent low;grade assemblages in‘the mid@le Qf the
stratiqréphic succeésion"appeaf gp be Qery—lc§~grade‘ These
display an ideal’ sequence character1zed respectively,vby
Ep- AC -Ch, Cct- Ac- Ch, Ct-D1-Ch and §§~Dl Ch with 1ncrea51ng

XC0z..Since at least two reaction curves have been crossed

in each gu1te, evxdence Of buffering. of the flu1d

H

composition (1.e- that the assemblages are ¢onstrained to
one reaction curve)‘is not present, at least not on a scale \;;//
as large as an OUtCl’Op ’ \

Because carbonate bearlng assemblages are assoc1ated

with late stage velns, large amygdales and the @ost porcus
A - \.;

11thologles, it appears llkely that some Flu1d comp051tlons

.

were externally controlled and became more CO,-rich with
time. If this were accompanled by a ecllne in temperature,

the same paragenetlc Sequence could]be produced from initial .~

1°W‘grade as well as very- low- grade lconditions,

.

Flg 5 7 dlsplays the metamorpth parageneses from each

locallty in the East Arm ‘in order of 1ncrea31n Xco, . Wlthln

tQE‘"lOW-grade sequences there is a striking OffelanOn o
between composition and texture. The Mid-Aphebian dlabaF
'dykes in the: basement of Slmpson Island 1ndfcate ailow XCOz,
‘whereas progre551§ely hlgher values are in 1cated in the
Unlon Island‘area{ Pekanatu1.P01nt 'T\lth 11e1 Narrows and
1Seton Island. Th1s is a trend of an 1ncrea51ng percent ge of
pyroclastlcs and to some extent; decrea51ng,de&§h of
'burial‘ There 1s no correlatlon, hqwever with beldded
carbonatesaln the sequence.' ‘

N ‘\,44



wi?(The 1n1t1al metam\rphac flu'd was probably connate'”' o

”ewa er and. therefore may have‘lnvolvedilocally buff;réd '

'”ngeactlons.‘Subsequent dlSSOlUtlon of't e 1nter1ayered

' *‘lidolomltes would have Jncreased the Xcoz'of the metamorphlc

:';_flu1d but thls f1u1d w1ll only be w1dely dlspersed Vhere the
i*tPOfOSltY is- hlgh Alternatlvely, a cdﬁtemporaneous var1at1on
dln fluld comp051t10n could have occurred ylth a d1ffus1onld‘;'
rgradlent ex1st1ng betwan two extreme3°ion.the one hand an’r‘;

?externally controlled co, r1ch flu1d 1n nge porous zones,_d

' and on the other a locally buffered H20~r1ch flUld Lp the

L an.

"masswe zones. X S

oo o L



.h7:r1ft1ng in the East Arm and the end of molasse sedlmentatlon

VI

.

VI' RB SR ISOCHRON AGES MAGMATIC "Sr/"Sr INITIAL,RATIOS

\f‘*“*ff‘f~-‘ AND OXYGEN ISOTOPE GEOCHEMISTRY ) 'f“f,“f37 L

"f‘duratlon of sedlmentatlon 1n the East Arm by datlng the
'»oldest and one of the youngest volcanlc unlts/u51ng the

‘Rb Sr method Thls 1n effect dates both the t1me of 1n1t1al

fﬂother, malnly K Ar, dates avallable from the East Arm
'prov1des a datlrg fra[ework for each mdgmatlc and tecton1C'q

I Vevent : : vi . : § R b’i )
*phases 1n order to determlne magmatlc, rather than

lavas from “a major Proterozolc sedlmentary sequence. an

’approach not prev1ously presented -:'h',;‘ : :.,’ ‘ ‘ RS

The present study attempts to record the t1m1ng and

derlved from t : Coronat1on geosyncllne. Comparlson w1th

oor

Because these rocks have undergone metamorphlsm Sr and S

o 1sotop1c studles were made of remnant 1'Leou”'m1neral

./
metamorphlc v"Sr/"Sr 1n1t1al ratloi .;hls approach also

;prov1des petrogenetlc constralnts for a sequence of aﬂtered

/

A brlef descrlptlon of the volcanlcs 1s given below e

- along with their measured dates and probable ages.

,;Controver51al p01nts concernlng the stratlgraphy of the East

fArm are- drgcussed and f1nally the 1sotope systemat1cs are

]

ddescrlbed U -
' i o
b ¥ :
’,4 . .
| ' S
. 4 .
: ¥ 75 - R
. s o
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B THE DATED VOLCANIC ROCKS IR "",u,~[,; RER
. o s ,';-\g 5 . : )
The areal exgant and locatlon of the volcanlc uplts are
outllned 1anlg. 3-1. These unlts presented 1n‘_ ' S
;;d' stratlgraph1c order 1n Table 6 1 are based on the sequence :
R of Hoffman et al. (1977) the style of 1ntru51on and

o chem1cal cla551f1catxon of each magma type 1s also 1ncluded
N The ages glven in thls sequence, and 1n the follow1ng B
dlscussion were based on ‘K- Ar and Rb Sr 1sotop1c dates and
were publlshed by Goff et al (1982)' Since then, U- Pb :
klrcon data (Hoffman,’pers. comm., 1981) has allowed a f~‘
correlatlonrw1th the tectonlc events of the Wopmay Orogen.
;gr Th1s correlatlon was uSed for developlng the model for the
“; tectonlc hlstory of the East Arm glven above. If the U Pb -
ages are val1d 50 Ma should be added to the,ageé’for the

Unlon Island Group and Great Slave Supergroup, glven/ln L

N
Table 6- J Secondly, thls would 1nd1cate that the Rb Sr

[ . ’ \'\ AP

| |
1sochrozs of the Sosan Group and Pearson Pormatlon were

produce by metamorphlsm i

4 .
MY

The lavas from wh1ch dates were obta1ned were the

‘oldest ‘and one of the youngest volcanlc un1ts in: the

-Pr,'

roz01c sequence of the East Arm (Table 6-1). The oldest .
‘;IS the‘W1lson Island Group, a. 1500 m thick basalt rhyollte
\‘\\ su1te 1n~ercalated w1th cont1nental fluv1al sandstones,, v

\‘whereas the younger Pearson Formatlon is. a 180 -m th1ck L

- [

partly columnar basalt sequence above a succe551on of

- non- marlne sedlmentary rocks. Th1s unlt caps the Great Slave

D .
1]

Supergroup S



- epldote actlnollte fac1es.‘

. o ey ’ '
R

. "

A range in metamorphlc facles is seen from “]_fo;:Q.f;~
'_Tpumpellylte prehnlte or pumpelly1te~act1nollte 1n the‘ﬂ

- 2

B Pearson Formatlon to alblte epldote amphxbol1te in the\ R

7[W1lson Island Group Intermedlate volc”nlc sequences are,,_«:_-~

. PO e : e
vy :

| c RESULTS OF DATING r~f'37 >‘-'uj* _'y_ | |
i " ’ e 3 e
A Rb Sr yhole rock 1sochro?,wa :'foduced for each of

_'the leson Island Group and tHe P arso Formatlon. The data» .

| are shown 1n Tables 6 2 and 6 3. Analytlc l technlques and

. \ » ! : o ¢ . . e . TN ‘
',errors are d1scussed in Appendlx I . ,sg’u\_ ;," g‘f‘_ R
: Vo L

N

The wllson Island Group glves a datevof\d810 t 19 r T

g(F1g 6= 1) A mean square welghted dev1atloh (MSWD) of 6. 03

%suggests some Rb SR moblllty after ‘an isotoplcally closed

':‘Tsystem was achleved (McIntyre et al 1966) A moderately

xhlgh 1n1t1al rat1o of 0. 7051 0. 0008 was. obtalned ThlS is-

i

a very 51m11ar date and 1n1t1a1 ratlo to a 12-p01nt

s

blsochron/produced for the same su1te by Frlth (1980~ 1846

28 Ma, 0. 7048 0. oooe) | f'~";; IR ”

| The Pearson Format1on shows a v1rtually‘1dent1cal date
of 1809 1‘30 Ma. The 1sochron (F1g. 6- 2) shows a hlgh.degree
'of collnearlty the MSWD of 51 suggests only a sl1ght _.f
‘:fvarlatzon beyond analytlcal error. The 1n1t1al/rat10 of

0. 7089 10,0004 is very hlgh BE -;q:r S
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. In order to evaluate the 1mportance of the present

. work the above dates are dlscussed both 1n the context of

'f“a) Age o£ Basement Mylon1t1zatloniW"

:';5range from 2370 to 2575 Ma (Table 6 1) thus the basement-7

‘a southerly contlnuatlon of the Slave Prov1nce.i_”“

l ontemporaneous w1th mylonltlzatlon. Alternat1vely,‘Ba“v

f_other datés ava1lable from the East Arm and 1n the lrght of»‘»,ﬁ,

‘ | -'au_'

<‘Ucontroversy concernlng the seQUence of events in the area.'

"Publlshed &sotoplc ages are g1ven 1n Table 6 1 along wlth’

"

‘fj;approx1mate ages based on Phaner0201c sedlmentatlon rates{j35_, _

SR

. The East Arm graben 1s floored by an Archean basementf};f;;-f
.“hjof granullte grade paragneisskand quartz monzonlte plutons

G(Re1nhardt 1972) whxch 15 exposed 1n Small hqrsts. K- AT agesp

The basement 1s transected by a N, E trendlng belt-of

‘}mylonztlzatlon of controver51al age,iwhlch 1s well developedf;f"”
on thn south shore of the Arm (Relnbardt 1969a) The W1lsonp

?Island Group 1s recognlzed as the oldest stratlgraphlc"»’

sequence in the area because of 1ts hlgh angle foldlng and i;d'

penetratlve deformatlon wh1ch does not affect the Unlon

v'Island Group or the Great Slave Supergroup.‘Thls deformatlonu

1s con51dered by Hoffman et al (9977 Tabie 25 1) ti_be

h,(1978a) has noted that the 1nten51ty of the penetratlve
: deformatﬁon of the Wllson Island Group is less marked than

.1n some basement m1gmat1tes and has postulated a perlod of

S -

7‘transcurrent ;aultrngvand’mylonrtlzatlon‘prlor to;depQSLtlon e



of the Wllson Island Group. Much of the basement (eg.‘the )
hf,jparagnelsses of tha S1mpson Islands) however, has an ," |
i}fequ1Valent defhrmatlon to that of the Wllson Island qroup
’ﬂwzth 1nten5e shearing ahd mylonltlzat1on restr1cted to
’.“narrow belts ‘of. mlgmatlte (Relnhardt, 1969b F1g.~ ). Badham
"'f(19;8a; has - also polnted out that\at Ba511e Polnt, a w:lson7°
,Jrsland Group success1on overlles a sheared and weathered
:basement gnelss. ThlS outcrop was also 1dent1f1ed as gne1ssl
d.by the mapplng of erght (1951- Stockwell et al 1968) but'r
%Stockwell (1936) and Hoffman (1977) show thlS outcrop to be

' dWIlson Island Group arkbse., : ,‘ :

' The age of the mylonltlzatlon is Stlll enlgmatlc but i
o ‘deflnltely occurred beforetdep051tlon of the Unlon Island
‘« \Group and Great Slave Supérgroup, wh1ch do not show the
CVpenetratlve deformatIOn characterlstlc of the Wllson Island

'\

\lII'Group
;h”=b) The Age of the W1lson Island Group
| . A mlnlmum age for the W1lson Island Group 1s obtarned‘
from the dates of the N Slmpson Island dyke and Blachford
tiialkallne complexes Both plutons lack the foldlng and
:penetratlve deformatlon ‘which, w1éh1n the Proterozo1c

-sequence, is restrlcted to the W1lson Island Group They

~w

-

must therefore post,date 1t.
'i The N, S1mpson Island dyke has a K- Ar date of 2200 Ma .
:"and the f1nal granltlc phases of the Blachford Lake complex

'a K- Ar date of 2057 Ma (Table 6~ 1) Theseyalkalzne‘

i
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- 1ntru51ons are thus thought to be contemporaneous by Badham_‘

(1979b) and may be grouped w1th the alka11 syen1te to

- canponatlte complex of. Blg Spruce Lake further north on the‘

A(Martlneau and Lambert, 1974). T
Large (Flg. 3- 1), a b1ot1te quartzhmo zonltel "Butte
Granlte ) 1ntruded the Wilson Island Group (Hoffman et al.
1977) and glves a Pb- Pb zircon age of 2050 Ma which is
comparable to the Blachford Lake complex (oral presentatlon.’
by Hoffman, 1980; ‘and see Table 6+1). ’

E ]

The wllson Island Group therefore appears to have a.

m1n1mum age of about 2200 Ma and thus the Rb-Sr 1sochron age ,

- : o t
of 1810 19 Ma must represent a.later metamorph1c event :
rather than ‘the age of extrusion. f,"l o
c) The Stratxgraph1c Posxt1on of the N. S1mpson Island and

Blachford Lake Dxfferenylated Alkal1ne Intru51ons
| : Although these 1ntru51ons post date the wllson Island t
Group, some controversy exlsts about thelr relatlonshlp to
the beglnnlng of Great Slave’ Supergroup sedlmentatlon.

| The N. Slmpson Island alka11 dlorlte dyke 1s apparently'

‘.1n fault contact w1th the Hornby Channel Formatlon of- the
Sosan Group but Badham (1979b) has recognlzed an albltei
trachyte border phase Whlch 1n one locallty, appears to be
gradatlonal between the maln part of the dyke and a marglnal :
brecc1a Zone- whlch cuts the Hornby Channel Formatlon (Fiq.

-
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3-4). The brecc1as conta1n calcareous blocks wh1ch Badham

‘ correlated thh the Sosan Group and he also 1dent1f1ed

e
\

xenollths of . Sosan Group sandstone 1n the dyke._ ,

_ “'Thrs ev1dence can be serlously questloned but thlS
7@5fissue,has been confused by Badham' S. attempt (1978c,p1979b)
nto’drawya genetlc connectlon between the alblteLtrachyte

. amatrlxaof the ‘breccias and a chill zone of a- s1mllar :

i :compos1t1on at the margln of the dyke. He postulates that

.;brecc1as are found along narrow fault zones\parallel to, bUt X
';ln most cases separate from the margln of the dyke and- as
-;tmuch as. 10 km dlstant from 1t (Relnhardt,a1972)

:vFurthermore, detalled mapplng in Badham s cruc1al locallty

has- shown the brecc1as to be centred on a 200 m. syenlte

_*plug 500 m, south of the dyke margln. The sandstone becomesvg

1mdprogressvvely less brecc1ated towards thls margln where 1t

iid1s largely only ser1c1tlzed (Walker 1977 Map 9). Badham s

_cruc1al brecc1a h!% a matrlx 51m11ar to the adjacent dyke
margan but "is: separated from it by a faulted trough A
"‘d1scont1nuous l1ne of brecc1as can be traced from thlS f\*:
-outcrop to the trachyte plu% further east | | o

‘ Thls pattern of brecc1at1on 1s clearly the opp051te of
c,what one would expect 1f the dlor1te were its source, and
Lyet the dyke marglns are unfractured In add1t10n the dyke

. clearly represents a deeper level of 1ntru51on than the

,trachyte plugs' the chllled margln of the former is only a.

e
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few cms. th1ck while the latter 1ntru51ons are ent1rely
f1ne grained. Because these‘two rock types appear \ |
unconnected one must conclude that there 1s no clear
ev1dence of the’ dlorlte dyke cutt1ng the Sosan Group
Secondly, sandstones are abundant in- the &1lson Island
Group, thus the xenollths ‘in the Slmpson Island dyke are not
necessarxly from the Sosan Group | N S |
More 1mportantly, Relnhardt (1972) p01nted out that

n’\\many dlabase dykes (1 e. Mid- Apheb1an D1abase) cut both the‘

Slmpson Island dyke and the Archean basement. Even 34 therev" o

- are two ages of d1abase as clalmed by Badham (1979b) no u

| dykes are seen to cut . the very large outcrop of Hornby
Channel Formatlon on . S Slmpson Island In faqt ‘excellent.
examples can be seen of these dykes overlaln by the Hornby
Channel Formatlon (Relnhardt, 1972 p. 6 and 7). 'It thus
seems more llkely that the dlfferentlated alkallne e

‘.1ntru51ons preoate the Sosan Group sedlments. |

d) The Alb1te Trachyte Plugs f1):‘ t'-;:frk : jla;;}n'?‘

The later, shallower level trachyte velned brecc1as

» contaln blocks of llmestone from the Stark Formatlon of the
Chrlstle Bay Group (Hoffman,i1978) Because the Stark

_ Formatlon is not present in th1s area thls suggests a time.
.of 1ntru51on after ‘the post Apheblan fault movements (whlch
would have brought the Hornby Channel Formatlon to a.

subvolcanlc level) and before the removal of the overlylng

Chrlstle Bay Group whlch occurred before early Et- then



depos1tlon. These plugs may therefore be almost

/

contemporaneous with the Et~then volcan1sm.

e) The Ago of the\de-Apheb1an Dxabase dykes

N |

These dykes, whlch were named by Hoffman et al (1977)

hhave not been dated but, because they 1ntrude a basement
. which shows ‘the typ1cal Kenoran dates of the Slave craton
_;(Table 6 1) they can be correlated with dated swarms w1th1n‘
'.that prov1nce These dykes ‘have 030° and 070° trends
,comparable to dykes in the Slave Province wh1ch Burwash
fet al (1963) named Mackspzée I to IV accord1ng to their |
bfrespect1ve reg1onal trends. fable 6- 4 shows relevant Rb!Sr

'.ages for dlfferent trends ‘in the Slave Prov1nce and dlabase
i. swarms of comparablh age from other Archean cratons.,These
]_ddata 1nd1ca§e two w1despread events of thole11t1c dlabase
r’1ntru51on athapproxlmately 2600 Ma and 2100 Ma. Furthermore

}the low 1n1t1al Al r/"Sr of most of these swarms is
lvcomparable w1th that obtalned for the Mld Apheblan dlabase
(see below) B _' o " o

The 2635 % 78 MaXﬁb?Sr.date for a dyke of the Mackenzie

riI trend. ("Dogr1b" trend of McGlynn and Irv1ng, 1975) ‘was
‘con51dered to. represent the t1me of dyke emplacement by
Gates and Hurley (1973) but the date is very old compared to
the Rb Sr age of the Slave Prov1nce (2460 to 2660 Ma, see
Flg. 6 3). Because these dykes are only mlldly metamorphosed

‘the majorlty must have ages younger than 2635 Ma Dykes of

-dlfferent ages may have. the same structural trend because
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K- ~Ar dates for Mabkenzie I range from. 2200-2400 Ma (Burwesh
et al. 1963; Leech, 1966).. and Leech cons1ders a second
. poasible period of emplacement of 2100 to 1900 Ma along the
‘same trend Reported RB -St dates for the Mackenz;e 11 and IV
’trends also record this event (approxlmetely 2100 Ma, Table
6~ 4) and are a reasonable age for emplacement of the. Mld |
,;Apheblanmdlabase;glven that the earlier differentiated

' alkaline“intrusions'are 2057-2200 Ma,‘

-.f)_The’nge of the Union Island Grou; Igneons Rocks .
o Noﬁpubllshed dates are ava1lable for the Un1on Island
Group flows or dlabase sills but Hoffman et al (1977)
'reported that.th1sagroup unconformably overlies the"'_
'Mld*Apheb1an Dlabase. U51ng the approxlmate age based on
'sedlmentatlon rates (Table 6 1) these lavas are 1930 Ma, -

assumlng no unconform1ty at the top of the Union Island

Group.

g) The Age ofvthe'Sosan Group Volcanism
Voluminous;ulocalized’voicanism occurs in the Sosan

Group; expeeially in the SetontIsland area and to a lesser

' 1_extent'in the Taltheilei Narrows area (Fig. -1) An

estimated date from Phanerozo1c sedlmentatlon rates is

‘approx1mate1y 1880 Ma (Table 6- 1) however, a 51m11ar age
was obtalned from a whole rock Pb-Pb 1sochron from a |
‘mlneral1zed Sosan brecc1a pipe-in Talthe11e1 Narrows (1870 *

15 Ma; Blackadar 1981) A Rb- Sr 1sochron produced for the '

\



Soton Island volcanics givcs a significantly younger ago
Y (1832 ¢ 10) and will be discussed below.

L
_h) The Ago of the Pearson roruotion . .

The youngest w1dosproad>basalt flow paokage in the
vGreo; Siave Supergroup, the Pearson Formation, was erupted
oefore a period of nappe formation and subsequent
quartz-diorite intrusions. An uhpoblished Rb-Sr isochron
date for these 1ntrusxons (R.K. Wanless, pers. comm.,'1977)
shows a date of 1811:81 Ma, s1m11ar to that of the Pearson
Format1on, wh1ch is corroborated by thenoldest K- Ar dates on
these intrusions (Table 6-1). The high linearity of the
Pearson ﬁormation isochron and preservation of the magmatic
initiallratio (see below)\suggests that the date is little
affected by metamorphism or tﬁatihetamorpﬁfsm was
: contemporaneods with'extrusionz The 1809 Ma. date therefore‘
appears tO be a reasonable age for the extrus1on of the
Pearson Format1on and restricts the whole of the Great Slave.
Supergroup to the Aphebian, i.e. older than.1800VMa
(Donaldson et al. 1976).

i) Evidence for a Hudsonian Metamorphic'Event {

Although the date obteined,from;the Pearson Formation
is probably qiose to that of extrusion, other evidence
suggests that this date also represents a meramorphfofevent

which may»ha&e reset both Rb-Sr and Pb isotopio systems.

-



.

86

‘Inds;urd. ﬁ lb. 1813) llthouqh s similar »uv&n*p@iﬂt
atudy gave a date ltatxstically similar to that of tho
Pearson Formation 1805 ¢ 16 Ma (Loveridge, in Cumming,
1980) Furthermorc the Pb-Pb whole rock age of the same
samples ag used by Baadsgaard, et al. , (1973) also matches -
that of the Pearson Formation (1804 t 23 Ma, Cumman, 1980) .
.More striking is the obvious simxlar1ty of the Rb-Sr
dates of the Pearson Formatxon and W1lson Island Group
suggest1ng a possible contemporaneous metamorphism of the
Proterozoic sediments ranging from pumpellylte prehn1te to

epidote-amphibolite facies. The Wilson Island Group is

-nowhere exposed in unfaulted contact with the Great Slave

Supergroup. This: led Hoffman et al. (1977) to speculate that
the W1lsonl?sland Group orxg1nally had lain further south

and may.have been juxtaposed w@th the relatively
unmetamorphoeed Great Slave Supergroup by nappe tectonics.
Tﬁis would explain a post-Great-Slave -Supergroup. age for

the metamorphism of the‘Wilson‘Island"éroup, however, no
evidence for such a nappe is known. Alfernatively, if‘the B ant
wilson Islahd Group overiies4basement (Bagham, 1978a) and ﬁs
therefore autochthonous, this suggests that different deptg\b“

of burial were involved durlng the metamorphlsm. Such an

explanation is more con51stent wlth the vertical tetonlcs

.
~expected in a graben. Ind;v1dual fault blocks in the East

Arm have thus undergaone con51derable vertlcal movemen% since

~ . . -
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"th"‘1810 Ma metamorph1c event Petrographlc ev1dence of

falkall mob111ty 1s d1ff1cu1t to find ow1ng to the partlally

. 4

recrystall1zed fabrlc of. the epldote amph1bol1tes. HoweVer
f?the alblte contalns blonlte and hornblende 1nclus1ons as
vwell as marglnal replacement by bmotlte, hornblende and

v:‘K felspar._,”‘~~v"{h , o ._:’ rtb’ e

.~ .

o -

- Pearson Formatlon Rb Sr and Pb—Pb dates are within

Although all W1lson Isﬁand Group, Sosan Group agd

acceptable error’ (2 standard dev1atlons) of each other,-theev‘

| remarkable llnearlty of the Sosan Group 1sochrons has been
ﬂllnterpreted as represent1ng the dates of extru51on” : ' "
(Baadsgaard et al 1973 Cumm1ng,\1980) If these*dates,

.hand that of the Pearson Format1on are extru51on dates then

a

~the error 1n thelr precxs1on is’ greater *han the t1me needed‘

“to dep051t the 1nterven1ng sedlments. The slowest rate of

']sub51dence acceptable (3.8 km 1n 60 Ma) would be comparable t,ﬂ

to the fa%ﬁest rates calculated u51ng Phaner0201cihir”*

‘ sed1mentat1on rates (Table 6-1) However faster and more dhf

‘reallstlc rates of sub51dence have been noted 1n some modern"

~

troughs such as Suez wh1ch has sub51ded 5 km._1n 25 Ma
_(Burke,,1977) Furthermore, acceptance of 1832 Ma as the age
of extru51on of the Sosan Group volcanlcs would fall to ;
“;explaln the 51gn1f1cantly older (1870 Ma) extremely llnear
4.and geologlcally feasxble Pb- Pb 1sochron of Blackadar |

'(1981) Alternatlvely, Olade (1975) noted the hlgh

ccorrelatlon between K O Rb and "Rb/“Sr 1n ‘the Sosan Group.

1,volcan1cs and the obv1ously secondary K- felspar and blOtlte

LA

;
2]
3

o
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|

1n some samples. He cons1ders 1sotop1c homogene1ty to have

* X

‘resulted from metasomat1c splltlzat1on . The explanation of

\

vtthe Sosan Group dates 1s thus equ1vocal but suggests either
;?rapld although acceptable rates of sub51dence before the
d‘extru51on of the Pearson Format1on, or. reequ111brat1on of
-féalh‘éf a;d Pb 1sotopes. There is no questlon however that
,the wllson Island Group'date is metamorphlc s1nce later
7p1utons show K Ar and Pb- Pb dates greater than 2000 Ma. Even”‘“
if affected by metamorphlsm, these would be m1n1mum age54
It should be p01nted out that Rb- Sr 1sochrons are f} /??
%xndrmally re51stant to low grade metamorphlc events,‘the_
'vllmlted dlffu51on of Rb and Sr allowlng mlneral 1sochrons'to'
be reset but not the whole rock 1sochréns (e g. Baadsgaard
.gef al 1976) However the'Churchlll Prov1nce underwent
-‘exten51ve alka11 metasomatlsm durlng the Hudsonlanborogeny ,
f(Burwash et al. ,1973) w1th Rb and Sr being moblle under »
"dgreenschlst facies condltlons (Burwash and Krup1cka, 1970).
c_Other ev1dence for resettlng of Rb Sr 1sochrons under
greenschlst ‘facies cond1t10ns has been documented by Bell //n_
’gand‘Blenklnsop (1978)- The East Arm, p051tloned on the north
edge of‘thYBvalkall enrichment zone, may have been partly/
:affected by a Rb bearlng metamorphlc fluld The comp051t10n
of the metamorphlc flu1d is probably a more 1mportant factor
than grade when Rb/Sr whole rock 1sochrons are reset.,
A metamorphlc and tectonlc event thus took place

involvrng alkall metasomatlsm‘of the Archean basement to the

south, nappe formation, laccolith injection'and continued *
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ng j) The Age of the Et Then Group Volcanlsm )

The ‘age of the Et Group volcan1cs has not beenbf{
determlned 1sotop1cally. However, a con51derat10n of the
palaeomagnetlc polar wanderlng curve for var1ous formatlons

“in the East Arm and dated Hellklan unlts, specxflcally the o
Sparrow dykes of the - Nonacho Group (McGlynn and’ Irv1ng,

7 ‘:v1978 Flg. 10)'-suggests an approx1mate age for the Et Then '

group of 1750 Ma. This thermal event may be connected w1th

f"t young" dates from flve and 51x p01nt Rb/Sr 1sochrons by“

-

o Wanless (pers. comm,, 1977) re. 1750+52 Ma and 1759+30 Ma.

‘k) The‘Age of'the'Helikian Gabbro’ |

Th1ck gabbro cone sheets form a body 125 km in dlameterf'
centred on the ‘eastern sect1on of the East Arm. (Hoffman, ﬂ
et al 1977). The ‘minimum age for these 1ncr551ons is-given -

~ by a-1315,Ma datevfor~the,cross-cutt1ng, N. Ev—trendlnga

mh,MackenzieiIII diabase.SWarms (Fahrlg and Wanless, 1963)

E SR ISOTOPIC RATIOS OF ‘I‘HE MAGMATISM
, Because of the metamorphlsm cllnopyroxene is commonly 3
o the only remnant 1gneous phase..Pure cllnopyroxene
concentrates were therefore extracted from selected samples

§‘1n order to determlne the1r Sr 1sotop1c compos1t10ns. These 8

el

measured values w1ll be close to, but h1gher than, the,

"Sr/“Sr 1n1t1al ratlo of the magma because of the low but

~
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'f1n1te Rb content 1n c11nopyroxenes. Measured and su1tably

@

"‘.hcorrected values are’ glven 1n Table 6 5 | o ,
'_3a) The Provenance of the East Arm Magmas‘ht‘ o |
The hzgh 1n1t1al rat1o for the Pearson Formatxon Rb gr :
1sochron (0. 7089) is: conflrmed as a magmatlc rather than a
metamorphlc value by the hlgher 1n1t1al ratlo shown by the gh’
-.separated pyroxenes (0 7102) The dlfference in the two
'values can be explalned 1f/one assumes a hlgher than normal
ij Sr value for the cllnopyroxene of O 019. Because auglte
%&n modern alkal1 basalt has an. Rb/Sr of 0/016 (Grlffln and
-Murthy,‘1969) thls 1s a reasonable value for augltes from a’.
gtholellte contam1nated w1th crustal materlal Upper crustal

f'contamlnatlon of the prlmary magma- ls strongly suggested by '

' comparlng the hlgh value of the 1sochron 1n1t1al ratlo to-

o

the 51mple 51ngle stage growth curve for Sr"/Sr"fln the e
'mantle and to that estlmated for the Slave Province (Flg
6-3). X | |

Further ev1dence of contamlnatlon -is glven by plots of

‘1n1t1al "Sr/"Sr vs Sr and Rb contents and»Rb/Sr ratio

'(Flg 6 -4a and b) -The Sr content is low compared to, those
'-for modern cont1nental basalts and would therefore wave_been,

"susceptlble to a marked change in 1n1t1al_ratao h

7

\dﬁupperyi‘
~crustal contamlnataon occurred (Faurehand‘Powell,.1972);
Rub1d1um contents are h1gh and variable foerOntinental

basalts, whereas Rb/Sr (Flg 6 4c) shows extreme varlatlon- .

‘7‘and a range that extends beyond that for modern contlnental



“basalts.vSuch extreme varlatlons in- one basaltlc flow'r"-. -;§.
package of 11m1ted overall comp051t10nal varlatlon 1s l1kely )
‘1[ev1denCe of contamlnatlon.,These dlagrams also empha51ze the

fh1gh 1n1t1al rat1o of the Pearson For atlon even when L

.lcompared to modern basalts.;

[

.; As well as*Rb the Zr/T1 ratro of thlS format1on\1s‘
very h19h 3»15 1s a common feature of contlnental “:‘H
: tholelltes Whlch have been contamanated w1th crustal S
. materlal (see Ch 8). o B
0 The provenance of the varlous magmas cah be estlmated

. by plottlng corrected "Sr/“Sr 1n1t1al ratlos, from both

f aug1tes and whole rock 1sochrons,'aga1nst t1me (Flg 6 5)

rjf“Unl1ke the unequ1vocal ev1dence for the Pearson Formatlon, ‘

the conflrmatlon of upper\crustal contamlnatlon for most
->-'Proter0201c rocks, us1ng thls\diagram, is compllcated by
: varlous models used for the evolﬁtl\n of Sr’ 1sotopes ‘in the
fpmantle -Two extreme models are 1llustra'

-

'beglnnlng of mantle heterogene1ty at ~1500 ‘Ma

_d;'one assumes rhe'

.1Brooks,l1977) whereas the other is based on Rb Sr. rat\ps

for South Afrlcan maflc rocks, whlch suggest very h1gh
:.mantle ‘7Sr/"Sr ratlos durlng the Apheblan (DaV1es and

; Allsopp,-1976) o | i

| Regardless of the" model adopted certaln conclu51ons u'
f,(see Table 6- 5) can‘be drawn concernlng the orlgln of the

East Armamagmas. Early maflc magmas are probably derlved 7
:dlrectly from the mantle, but later ones 1nd1cate some upper B
'_crustal contamlnatlon. Because these conclu51ons, Wlth the

U
AN
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fexceptlon of the SOSan Group volcan1cs, are based on’ Sr,‘

‘1sotop1c 1n1t1al ratlos from rellct 1gneous mlnerals,v

'Vftmetamorphlc alterat1on canrbe ruled out as 8 cause of hlgh

’[_fwas O 39 Even allow1ng for a p0551b1e 30% 1ncrease 1n Rb/Sr

‘vaIUes. In the case of the Sosan Group volcanlcs' for wh1ch pf'
5:no pyroxeme data are ava:lable, the low 1n1t1al ratlo

'dlndlcates a mantle provenance regardless of whether the

>:?measured age 1s metamorphlc or extru51ve. No fresh anglte afh'n_

*could be separated from the Unlon Island Group basalts, but JQ
'a*two unpubllshed 1sochrons (R K Wanless, pers.'comm., 1977)

fvalghough glv1ng w1dely d1Vergent ages, have 51m11ar mantle -

Tilnltlal ratlo' l’7028+0 00 ﬁ and 0 7032+0 0001) to those

:“?;ob alned in- thlS study fo ;f;f crosscuttlng d1abases (0 7021"jy

;to 0 7030)

R

~ The unpubllshed n1ne~p01nt 1sochron obtalned for the ”_;‘M'

quartz dlorlte laccollths (R K Wanless, pers. comm., 1977) |

g1ves an . 1n1t1al ratlo of 0 7043+0 0014 These are hlgh but_,d

' p0551ble values for the Apheblan mantle and probably reflectj‘_

. partlal meltlng of a maflc lower crust. ftf = 37*'(':f3.?*
”, The wllson Island Group volcanlcs pose a’ problem in.
E terms of the1r provenance._If 2200 Ma marks the age of d

.,extru51on of these lavas from a mantle‘source, then Sr

1sotope homogenlzatlon caused by a metamorphlc event 400 Ma SR

l R
later would produce an. observed 1n1t1a1 ratlo as low as;;:‘

) O 7051 1f the source mater1al had an Rb/Sr raio of no more
7,than 0 21- However, the Rb/Sr of the most maf1c rock sampled‘ll

it .
compared to source materlal for low percentage partlal melts
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(Dunoan7and téﬁpstdh,<197si _ 1n1t1a1 ratio would have to
'7nbe a very low 0. 7003 at 2200 Ma (F1g 6- 5) Furthermore,
fjuncontamlnated maflc rocks derived. from the mantle normally

zﬁhave an Rb/Sr of less than 0. 1 (G een’ and Rlngwood 1967)

"hvf“Thus, if the hlgh Rb/Sr of the maf‘c flows is or1glnal thlS:

'z?j;would suggest crustal contamlnatlon, but because the 1n1t1al}

| ﬁifgrat1o 1s unreasonably low for thlS~ b/Sr only two

'.=_1nterpretatlons are p0551ble. Flrstly, the Wllson Island '?j

-1fGroup date may be magmatlc,‘suggestlng ‘some. crustal

Y

:Af.mcontamlnatlon.,Thls would explaln both the hlgh Rb/Sr ratlosiw'

';;and the volumlnous assoc1ated rhyolltes, but would‘not be

’*lfcompatlble w1th the geologlcal ev1dence Wthh restrlcts thls}"

‘ﬁ,}su1te to an age greater than 2100 Ma. Alternatlvely and more>'
'"reallstlcally, the hlgh Rb and K contents must have been -
1ntroduced durlng a metamorphlc event whlch reset the |

dlsochron at = 1810 Ma.ﬁff

F OXYGEN ISOTOPIC RATIOS OF THE MAGMATISM
Measurements were made of the 6"0 of the

c11nopyroxenes extracted for the Sr 1sotop1c study.-These'

“”7'range from 5. 43 to 6. 48% and are’ llsted in Table 6- -5 along

”tfwlth 6"0 values for the host rock ance fresh(basalts e

'tcommonly have a 6"0 value whlch is dl0‘5 /ogxgreater'than ;i

'ffthelr contalned cllnopyroxénes, Table 6- -5 suggests that the

m?;epldote act;nollte fac1es metamorphlsm of the early d1abases:’

'ﬂ;produced vary1ng degrees of alteratlon on a-small scale. Thed

"whole rocké"o for the M1d Apheblan dykes is only 0. 5 toi
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b;8P/oogreater_than‘that expeoted:for the.magma but the’
_ Unionvrsland Group‘sills/indioate increases of 0.4 to 2,0
0/00“

~ The pyroxenes from the early, mantle - derlved

»

ffcontlnental thole11t1c dlabase of the East Arm

‘h:(M1d'— Apheblan and Unlon Island Group) 1nd1cate magmas w1th
or1g1nal J"O values of 5 9 to 6 7° /oo. “The late Jackson ;
'Gabbro and Pearson Format1on, whose Sr- 1sotop1c comp051t10ns ’~
"1nd1cate some crustal contam1nat1on, suggest magmas w1th .
'Ea 6"6 of 6 6 to 7. O Joos | | L

These values are all 1n the range expected forlfresh
LPhanerozolc cont:nental thole11tes (eg Yaklma, Wash1ngton;‘
J. Cocker, pers. comm."1981) In a study of basalts from -
rocean.ba31ns,,lv those unlnfluenced by crustal chemlstry, g
»;«Kyser and o! Ne1l (1978) ‘showed a range . in 6"0 from 5.0 to l;fﬁ

/oo, but 5. 8 /oo separated the lower model value for

&

‘ethole11tes\from that for alkal1 basalts.-v
| The: oxygen 1sotop1c comp051t10ns of Mld Apheblan and
;Unlon Island Group magmas can therefore be der1ved from a
'mantle source..However, the few data avallable for thelvm:
[:Jackson Gabbro and Pearson Format1on support ev1dence from
- .the Sr 1sotop1c comp051tlons of crustal contammatlo%K

hG CONCLUSIONS

Rb Sr 1sochrons for two volcanlc unlts from the East

B Arm glve 51m11ar dates desplte an obv1ous separatlon in t1me

'fof several hundred mllllon years and contrastlng grades of
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metamorphlsm. ThlS 5uggests that the Rb-Sr 1sotopes of the
older Wllson Island Group were reset durlng a Hudson1an B
thermal event at 1810 Ma? ThlS event may have also reset the
Rb Sr. and Pb of the. Sosan Group volcanlcs.-The 1nten51ty of
y Hudsonlan metamorph1sm was probably a functlon of bur1a1
depth w1th later Vertlcal fault movements ]uxtap051ng fault o
blocks of d1ffer1ng metamorphlc grade. Surprlslngly, the
.reequ111brated "inltlal" "Sr/"Sr of the W1lson Island g.
Group lavas 1s unexpectedly low 1f one cons1ders the1r h1gh
.Rb/Sr ratios. It 1s also dlfflcult to reequlllbrate Sr
1sotopes under epldote amphlbollte fac1es condltlons,v

explalned above. However, the penetratlve deformatlon and L

~high - angle foldlng W1th1n the W1lson Island Group

‘“\ restrlcts 1ts age stratlgraphlcally and ev1dence of

reequ111bratlon from other areas of comparable metamorphzc
'dgrade supports/reequ1l1brat10n of Sr 1sotopes. The "low" A
1n1t1al ratlo of the WllSOﬂ Island Gr0up lavas can then bevf
‘:explalned by requ111bratlon of a mantle derlved magma w1th
the hlgh Rb/Sr ratlos resultlng from an 1nflux of Rb and K 0;
.fdurlng metamorphlsm 7 L : lbk - '

'-I The estlmated 1n1t1a1 "Sr/"Sr rat1os of the magmasia‘
obtalned from both 1sochrons and remnant 1gneous ‘
cllnopyroxenes 1nd1cate a. mantle orlgln for early tholelltlcﬁsf
vdlabases and imply that all pre Kahochella Group magmas wereHF’
‘derlved from the mantle. The late Jackson dlabase and
'.espec1ally the Pearson Formatlon thole11te show notable

Hcrustal contamlnatlon The. extru51on of the last



mantle der1ved magmas of, the East Arm, the'alka11 basaltlc )

hsulte of the Sosan Group, c01nc1des w1th a perlod of .
sub51dence in’ the graben (Hoffman, 1973) This may‘indicete
-the end of a periog of mani&e upwelllng | \ ;

The clinopyroxene- separates exhlblt 8"O\Value§

Qgtyplcal of the cllnopyroxenes from Phanerozo1c cont;hental

tholelltes. A study of the whole rocks 1nd1cates that durlng'
epldote actlnollte fac1es metamorph1sm, variable 1ncreases

,_1n 6"0 took place, rang1ng from 0 4 to 2.0 /ooveven-w1th;n'“

: a 51ngle outcrop



.-vrfi. ELEMENTS USERUL IN THE STUDY OF AL’I‘ERED OR
| METAMORPHOSED VOLCANIC nocxs

A ;NTRO‘DUCT TON

Over the past few years there has been a growlng

awareness of . the problems of the characterlzatlon of alterednmk-

volcanlc rocks (see for example Irv1ne and Baragar,.1971)

Thls problem has been accentuated by the 1ncrea51ng 1nterestfh.'

h1n volcan1c rocks\ln the Precambrlan and the1r relatlonsh1p
to the development of the early crust. As one. goes furtherx»'
back in geological time the chances of encounterlng :

ivolcan1cs which have undergone some degree of alteratlon,

weatherlng or metamorphlsm multlplles. The cla551f1catlon of.

} L
altered volcan1cs, whether from a purely descrlptlve or from.

.a genetlc, tectonic s&andpo1nt becomes an 1mporéant
problem. |
MoSt chemlcal cla551f1cat10h schemes establlshed for::'

volcanlc rocks depend upon major elements such ‘as Na, K Mg,_?‘

- Ca and Si that can be shown to be - moblle durlng alteratlon

".or metamorphlsm. A number of cla551f1catlon schemes that

"have been der1ved to overcome thlS problem are. based on the

!

use of elements whlch are stable durlng alteratlon. These

p;schemes have malnly fallen 1nto two groups' those whlch

follow descrlptxve, non genetlc cla551f1catlons and those
_ T

;whlch dlscrlmlnate between p0551ble tectonlc env1ronments. .

_ There 1s a volumlnous llterature on thlS toplc'
a

’however, there has been no real attempt to 1ntegrate all

97
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aspects of this problem and to- prov1de a worklng scheme for
the classif1cat10n of altered volcanic rocks.,

| In this chapter the ev1dence for element mob111ty
durlng different types of alteratlon and metamorphlsm is
. reviewed. Elements whxch are stable to alteratlon effects
. are identified and are'used, in the followlng chapter, to
construct a scheme’ or flowchart for- the c1a551f1cat1on of
altered volcanlcs, both in-a cla551cal deScrlptrve sense and~

in the more recently 1dent1f1ed tectonlc sense.

:;B_ THE MOBILITY OF MAJOR AND TRACE ELEMENTS IN ALTERED
VOLCANICS .

An element must be acceptable into the latt1ce of a
stable mlneral in order to show llmlted moblllty,»but
:,_m1neral parageneses vary accordlng to the cond1tlons of

f’metamorphlsm Therefore, the type of alteratlon or‘ -
metamorph1sm affectlng volcanlc rocks can‘lnfluence the

pattern of element moblllty Slnce retrogre551ve effects and

'w.weather1ng may have been 1nvolved prlor to -or subsequent to

metamorphlsm it is necessary to rev1ew element moblllty

'arunder several dlfferent condltlons of alteratzon in order to
festabllsh whlch elements are most stabletrgnch studles have

-concentrated on mafic and 1ntermed1ate rather than felsic

rocks 51nce the former §1Ve more 1nformat10n as to the

o tectonlc env1ronment and, when altered metamorphlc grade.

A compllatlon of element mob111ty studles is g1Ven in

vTable 7 1 Attentlon 15 focused on elements whlch can be
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analyzed by routine AA and XRF techniques. Elements normally
.analyzed by NAA (REE) are listed separately. Each major type‘
of weatherxng will be discussed briefly below,

@ . 7

a) Sea-Floor Weathering

€

(i) Mineralogy . ‘
l Sea floor weathering takes place at <50°C and is
the result of the 1nteraction\of seawater with basalts
of the ocean crust. The ma&n mineraliforued is a )
smectite group clay, which commonly replaces matrix
glass Thls is, usually an Fe~sapon1tew;h1ch can form at
- 25°%C- (Seyfr1ed et al. , 1978), although nontronite has
:also been observed (Schezdegger and Stakes,01977)
doCalc1te, hydrous ferrlc ox1des and hematite might be
il addlt}onal phases (Baragar et al. , 1978; scarfe and
*;Smlth 1977 Humphrls, 1978). With progre551vely more ‘

"1ntense alteration there 1s an 1ncrease in K,0 content

"1n the smectlte and the appearance of K-feldspar and //////’/

~celadon1te. Stakes and Schezdegger (1978) ‘and Sca;fé/and

. n / ""

o 4 Muehlenbachs (1977) noted the a/ earance of celadoniff/////gz//
) in seafloor lavas over 50 m.y. old. . o
[

L Zeolltes such as phllllpSlte (Scarfe and Smlth,

1977° Stonecipher, 1977), cllnoptlllte (Lawrence et al.
1979) and chabazlte (Marlner and Surdam 1970) can

also occur during sea-floor we#therlng. However, because

these may occur at hlgher temperatures during’ zeolite

fac1es metamorphlsm all stud;es of zeolite-bearing .

i,
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rocks are grouped separately,

. (ii) Elemgnt,ﬁobility

From Table 7-1 ié 1; cleariy seen that Li, K, Rb
and Cs are all very mobile’and increase with sea-floor
weathering, Fe shows a smailer inérease anh'Ca. Si and S' :
decrease. Amongst the trace elements, Sr, Y, 2r, Nb and

Hf appear stable, but Sc¢, V, Cr, Co and Ni are stable or

\ P

show a slight depletion.
These studies have largely been carried out by
comparing various element concgntrations fr;m fresh and -
altered portions of pillowed bésalt. The problem with
this appfdach is that n6n¥sy§tematic chemical variations
can *occur between rim ané.core in unaltered. samples
-(Scott and Hajash, 1976). Where this involves a change
. in Fe and Mg (e.g. Shido et al. , 1974), a logarithmic
changé’can occur ineCr, and Ni (Miyashiro and Shido,
1975). This factor may explain the small variatyéns in
otherwige stable transition elements. Thompson/&1973)
has also demonstrated that glass undergoes a/morg
extreme alteration than crystalline bésalt// °
Similar alterétion patterns are segy/ﬁhere chemidal
indiczs of weatheringrare used, such the‘consistent ///
iﬂcreaée in sz‘ and Fe**/Fe'? and decrease in Ca
(Baragar et\al. , 1977; Nicholls“and Islam, 1971).
Because®' density and voluég/chanQES will occur during

hydration} variatiqgs”in element concentration may be

corrected”by normalizing to constant volume (Thompson
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and-Humphris,.1977? Matthews; T97l) or. constant Al

.(Hart 1970)' The latter authors both notlced small

. 'L .
var1at1ons fn T1 Alternatlvely, Cann (1970)

‘demonstrated that 1nter element ratlos amongst the group_tf‘

-T1 Y; ir, Nb show hlgh coherence, desplte varlatlons 1n ’

L measured concentratlons thCh are apparently caused by

*to be . real o N _," ;dif@;

e
.den51ty changes. The small 1ncon51stent varlatlons in Ti

R

(and P) may thus be an artlfact of the techn1qne~of =

‘__measurement whlle the moderate var1at10n in Al appears

-

A e

.

in concentratlon Ghe\sas the llght rare earths undergo

1ncon51stent and ‘much. larger changes, in sometcases f'

,»f
oy R

“;Adlsplaylng a fourfold 1ncrease (Ludden and Thompson

\7$979) La can also decrease (Frey et al ; 1974)

-/ .

3 whereas Ca’ may show an 1ncon51stent behav1or sometlmes
.i‘show1ng the extreme relatlve depletlon characterlstlc of
iseawater 1tself (Robertson and Fleet 1976) ThlS w1ll

depend upon the length of the exposure t1me to

weatherlng, therefore patterns from dredge and drill -

tsamgles will vary (Ludden and- Thompson - 1979). Wood

.et.al [ (1979) p01nt out that exten51ve alteratlon of a
glass- r1ch lava w:ll 1ncrease La and Th the-latter ‘ .fc
Vbelng otherw1se very Stabkgw/ﬁ;hZIes et al , (1979)

‘;have p01nted out that LREE are more affected by

weatherlng than by low grade metamorph1sm.

,.>%“

Y

The heavy rare earths show small but Varled changes',if



b)

'Very Low. Grade Metamorphism (zeolite facies)

(1) M1neralogy

Hydrothermal act1v1ty in the oceanlc crust is

.thought to proceed at. temperatures >100 C. Zeol1tes and

:carbonates are the major products of thls alterat1on.

Because calc1te and 51der1te commonly occur, carbonate

‘ geotherégmeters .may be used to estlmate alterat1on-f

: /

”.temperatures. Muehlenbachs (1977) noted that seawater

'.weatherlng causesvan;rncrease in &‘POj,whereas R

alteration above 200°C causes depletion (Fr1edr1chsen
and”Hoernes,‘1978)‘rIn contlnental rocks, the appearance

of laumontlte 1s normally taken to mark the onset of

.metamorphlsm but it can coex1st w1th zeolltes wh1ch are -

‘"fcharacterlstlc of weatherlng (e g., Wood ef'al ; 1976?5

'(11) Element Mob1l1ty

For sea- floor basalts; no con51stent major element
trends are seen apart from a depletlon in 81 and K. v,
Cr; Co 'Y Zr and Ba appear to be . stable. Wood et al
(1976) showed that the T1,'¥;‘Zr and Nb varlatlon in

zeollt1zed basalts from Mull and Iceland was w1th1n the

.fllmlts of varlatlon for fresh flows. Men21es et al ;

‘(197") found ‘that the upper part of an ophlollte Whlch
~had seenﬁllmlted-sea—floor;weather1ng and zeolite_

formation showed Ce-depletion, but all HREE were stable.
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fill) Exberimentallwork-v-a: ."'- 1_3 c .

| A\serles of experlments on the basalt seawate; o
:system have been carrled out at O 5: to 1 kb and 200° to
->300 c (1 e.'zeollte and pumpellylte prehnlte fac1es
cond1tlons) and therefore allow an 1ndependent |
- conflrmatlon of the above results.‘ ‘

. All experlments conflrm a severe depletlon 1n Ca'
"and an 1ncrease in Mg In austudy of andes1te, Llou and
‘;Dlxon (1978) reported that these elements show ‘the - |
“9greatest solublllty varlatlon Wlth temperature and

solutlon type. Sl, Fe:and Mn show smaller depletlons,
’-but the latter éwo elements show ‘an 1n1t1al 1ncrease
daccordlng to. B1schoff and Dlxbn (1975) T1 shows a small"
b 1ncrease 1n one study wh11e varled concentratlons ‘are
lseen for Na and K. A problem w1th some studles is the
lappearance of anhydrlte whlch suggests metastablllty at d”'
the temperature of the experlment |
L I PRRNRE DR .. . , :
c) Very Low and Low Grade Metamorph1sm (pumpelly1te prehn1te

to ep1dote—act1nol1te fac1es)

¥

| (1) Mlneralogy |
S Under cond1t10ns of very low and low grade
'metamorphlsm of maflc and 1ntermed1ate rocks vthéd
assemblages formed are r1ch 1n alblte and chlorlte w1th‘

g accessory sphene and minor amounts of Ca- Al 51l1cates
ktwh1ch act as. 1nd1cators of grade.,Wlth 1ncrea51ng gradei7

the common assemh]anpq aras ﬁnmﬁn11nw+g [ T



s
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N pumpellylte'f act1nol1te and epldote'- actlnollte. The g

”h*flrst two are commonly assoc1ated (e g.~N Malne,A7"

.,‘R1chter and Roy, 1974) whlle occas1onally all three

'.hgboccur 1n one area (Central Chlle, Lev1 1969-'K11

'Penlnsula, Japan, Sekl et al 1970) In add1t1on

e epldote can occur in abundance in all three zones

(wlnkler 1979) Because of the overall 51m11ar1ty 1n
thelr mlneralogy, these assemblages are con51dered here ?;
collectlvely. 5‘“'l‘3;; R Vp_y, |

The common mrneralog1cal heterogenelty in maflc’t

‘“;3rocks prov1des some 1nformatlon on comp051tlonal

f’zvarlatlon..In partlcular ma551ve flows undergplng very ‘

‘ low grade metamorphlsm dlsplay two rock types formed a5‘>i‘

“separate domalns w1th1n a 51ngle outcrop. The flrst is af'v

1_zone contalnlng abundant chlorlte and alblte, the latter“U”

"rtendlng to pseudomorph prlmary plagloclase and thereby
"vpreserve the mlcrolltlc texture of unaltered basalts-t ,:f'
‘and the second 1s a subordlnate zone of epldote and

quartz (w1th or w1thout smaller zones of pumpelly1te andlf

»

quartz) whlch has a remnant prlmary texture 1dent1cal tor}

hthe surround1ng rock These zonés form 1rregular patchesh'f
hhwhlch vary in size from a few centlmetres (Donnelly,
’1966) to several metres (Reed and Morgan, 1971) InTa
.,study of the'Keweenawan basalts of the U. s. A (Jollyfand'
Smith- 1972) and Canada (Smlth 1974) both domaln types
:were seen to occur in flow tops and brecc1ated zones ‘in

. an otherwlse.llttlefaltered volcanlcdpile,bThe second



“domaln type appears to c01nc1de Wlth 1nf1lled fIU1d

condu1ts (fractures) and reactlve giass zones on a: smallifv”

T

:lfscale (Smlth 1974) but remnant textures 1nd1cate total ﬂ"

SRS

';ﬂrock replacement in large doma1ns.~
Mlneraloglcal varlatlon 1s partlcularly not1cable )

'-1n pzllowed zones. Glassy se1Vedge zones contaln no

B remnant plag1oclase laths whlch would prov1de nucleatlon7f35

;4

_s1tes for the growth of alblte- thus they tend 1nstead
‘“to form a chlorlte r1ch r1m w1th sporadlc growth of -

lfufepldote, prehnlte or pumpellylte (Vallance,'1965)

*;f(11) Element Mob111ty
The mlneraloglcal varlatlon and doma1n structure

'f:formed by metamorphlsm creates problems of

Wrepresentatlve sampllng and tberefore also of comparlson'f~

7‘.w1th unaltered materlal Alternatlvely, chemlcal

"‘comparlsons between domalns w1ll g1ve an 1nd1catlon of

7:: relatlve chemlcal moblllty Results from both approaches*.V‘”

{{;are glven below and are tabulated in Table - 1.

’ In a detalled study of the Catoctln greenstones 1n
7{V1rg1n1a,}Reed and Morgan (1971) showed that Ca and |

e"/Fe’f 1ncrease 1n epldote rlch zones, Na, Mg and H, O

' are concentrated in the alblte chlorlte domalns, wherea575-’

v

l Sl P, T1 Fe and Mn remaln relatlvely 1mmob11e A
'gstudy by Smlth (1968) of a 51ngle Ordov1c1an | ‘
‘jdomaln structured outcrop at Cllefden, N S W ?'conflrmedgf
these results except for the greater mob111ty of Si and

| ST
The antlpathetlc nature of Fe”/Fe” and Hzo" nd



e
e

v“ijthelr respectlve‘correlatlon.wlth epldote and chfbrlte g
.‘ukgrowth has been demonstrated also for dlabaSes from S W. nft
‘5CfEngland (Floyd 1976). Reed and Morgan (1971) calculated,vu
'°’ian average comp051tlon for thelr altered outcrop, notlngﬁ
‘i’u?that it compared closely w1th that of some unaltered
\,feeder dykes. Mg and Ca showed some var1at1on, whereas Kf"'
"lf.'_it‘suffered a marked depletlon. Smlth (1968) noted that N |
'riguiReed and Morgan s average compos1t10n was comparable toiff'-ﬂ
”ga basalt1c andes1te except for Na. A 51m11ar technlque

. was used by Vallance (1969) who used frequency

\

ohlstograms to compare 2000 basalts w1th three selected
= groups of basalts whlch had undergone low grade "
kf,;metamorphlsm He showed that there was a strong
xlivarlatlon rn Na, Mg and Ca W1th the development of
ibalblte and chlorlte r1ch domalns, but that llttle f‘l

'fl:overall change occurred 1n Al P T1 and Mn

Other studles comparlng rocks of vary1ng degrees:fd

sdmmof alteratlon from the same outcrop or formatlon but
‘klw1thout the extreme development of zones, 1nd1cate
'”"hh51m11ar large varlatlons in- Mg and depletlons in Ca. “nf }f
h:addltlon Na, K and 51 tend to show h1gh and 1ncons1stent
divarlatlons.'For example, Dav1es et al (1979) found that
Na was’ as moblle as Ca, whereas Sl was: comparable 1n l'
‘stablllty w1th Al Cann (1979) noted an overall
».conservatlon of Na lf the comp051tlons of dlfferent

- textural types were 1ntegrated but 51 was more mobxle

~

z'than Ca. K normally undergoes depletlon, utvlncreases~

e ; i



107

S -
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ushave been noted (Humphrls and Thompson, 1978) and thls -

L*ﬁmay be locally 1mportant where alblte has been-i*ﬁ

,7ser1c1txzed (leak _1965 Heklnlan 1971) The tendency ;1M

”‘Gniof K- to be depl ted under low grade ‘has been- conf1rmed

~\r”'

lﬂexperlmentally by Blschoff and D1xon (1975) who noted a tf'

lloss of K from basalt reacted w1th seawater at _'v'\.'
i'ﬂ{temperatures abtve 200 C In that study,_other ma]or_»yﬁ‘"

;‘elements dlspla}ed small and 1ncon51stent var1atlons.
d Unfortunately, where no fresh materlal is _
ftdavallable, 1n1t1al chem1ca1 changes cannot be |

tdetermlned Furthermore, 1f complete alteratlon has

F,taken place, dlfferent mlneraloglcal domalns are in s

' “,veffect belng compared Thus one cannot con51der relatlve'

R gar\s or losses 1f the whole outcrop remalns

*"1sochem1cal For example, Strong et al (1979) compared
/ J

"'ﬂ_ran altered"'and unaltered" populatlon on: the ba51s of

fu:1ncreased 51 content, but thlS 1ncrease was accompanled

ffby an average decreaSe in H O' Therefore, both i

1sequences must be con51dered altered and the magnltude'd

o element varlatlons are . 1mportant rather than the

'_dlrectlon of change 1n concentratlon. s
A solutlon to thlS problem was: suggested by DaV1es

et (1979) They modlfled a compllcated routlne of

Vevaeswlck and. Souc1e (1978) wh1ch showed that blnary plots o

'of the molecular ratlos of major element oxldes are

conf1ned to a narrow composxt1onal range regardless of

'vscomp051t1on. TheSe plots were seen to be 11near over a ‘

s
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restr1cted (1 e. maflc) range of comp051tlon and the;

”ﬁfcoherence between major element palrs (e g 8102 vs.

»-T10 ) was tested by comparlng both to. ‘a hlghly moblr
aielement (1 e SlO /Kzo VS.iTlOz/KzO) If the two test f-

elements are 1mmob11e, such a plot should produce a

"_.stralght 11ne through the orzgln. Thls has an advantage

fhover dlrect correlatlons in that a w1de spread 1n data
fp01nts may be obtalned w1th only a’ llmlted varlation 1n.,
‘uﬁthe concentrat1ons of 1mmob11e elements. However,_an T‘

':aerroneous moblllty w1ll be suggested 1f 51gn1f1cant

.chemlcal varlatlon exasts in the or1glnal materlal (e g ,ﬁ{:

o -Fe/Mg varlatlon in & contlnental thOlEIIte)

Other more dlrect approaches to the study of mass

‘balance have 1nvolved the dlrect comparlson of fresh andf,f“"

faltered materlal from the same outcrop or sample.

' fOcean rldgedbasalts are 1mportant 1n thlS respect 51nce'

"'u‘they have a restrlcted range 1n comp051t10n compared to

contlnental magmas, and a range of fresh to medlum gradef.'v

rocks are: Juxtaposed in rldge fracture systems. Dredge

samples of dlfferEnt grade can- therefore be d1rectly

. compared (Cann 1969 ~1970 'Melson and'VanﬁAndel 1966)

cOcean rldge basalts have thus been con51dered 1mportant :
" for the study of element moblllty and are llsted |
'separately in Table 7—1 \However 51nce small scale,
‘prlmary comp051tlonal varlatlon can Stlll occur- (Bryan
"_vand Thompson, 1977) the results are dlscussed along

-”w1th those from studles of subaerlal volcanlcs..These

.
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f}lnclude comparlsons from partly altered Archean'

"tholelltes (Cond1e et al ,,1977) »ophlolltes (C01sh

1977) and Phanerozo;c plllowed sequences (Vallance,A

"_1974) Humphrls and Thompson (197B) took care.to select -

f":lfloor basalts.v,”,lm

‘ifresh and altered samples from adjacent zones 1n ocean

Among the major elements,,Tl and P show the
,greatest stab111ty regardless of study technlque.AThese_
, 1nclude u51ng Hzo*‘as an alteratlon 1ndex (Hattor1‘

et al. , 1972; Coish, 1977) stability ot correlatlonsff'b

'?17withfzr (Cann, 1970 C01sh 977"He11man et al E 19793

R wlnchester and Floyd 1976 data from thEII Flg f)hfandbd

h,no 1ncrease in. varlance u51ng both raw data (Melson and
“'van. Andel 1966) and normallzlng to constant Al

'-‘2(Humphr15 and Thompson, 1978a, Strong et al ,'1979) or'

"';to constant volume (Cann 1969) However, the data of

'~1Humphrls and Thompson 1nd1cate a varlatlon in T1/P that

'_"suggests a decrease in P w1th alteratlon..Moderate T1'-
and P moblllty was also recorded by Condle et al. :»

(1977) but they chose samples wh1ch 1ncluded extremeij.i
,(60%) epldotlzatlon and (10%) ca1c1te content In the

latter case,‘the use of raw’ concentratlon data, ,1

"uncorrected for dens1ty may not be strlctly correct

-rFurthermore, thls 1s the only study show1ng an 1ncrease.
_1n Ca w1th alteratlon. ‘ »‘ _
Al dlsplays only a llmlted moblllty Cann (1969)

*_u51ng 11near comblnatlons of: the three adjacent texturalfﬁ
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types of greenstone plllows and comparlng these to

'1nearby fresh materlal calculated a maxlmum loss‘of 4% of*,.f'

_';the or1g1na1 Al. Data from Condle et al. (1977) suggest

JT; a loss of 6% The stablllty of Al, P and Ti between,{F
*m:domaan types has already been mentloned D ."' T
- Total Fe tends to show an 1ncrease with alteratlon.
‘fThIS w1ll vary w1th domaln structure and any subsequenn
’:prec1p1tatfon of sulphldes (Humphrls and Thompson,
~4978a) Cann (1969) determlned that Fe was more stable
ﬂ'than Al whereas Davaes et al (1979) found 1t to be
. sllghtly more moblle.' | |
vdp'In fresh versus altered adjacent samples.the trace
Cefements v, Cr Co and Ni d1splay good stablllty |
’7regardless of the technlque of study,‘e g dlrect
'lcomparlson (Humphrls and Thompson 1978b) zo*‘as an.
".alteratlon 1ndex (Floyd 1976) and stable correlatlon
‘;coeff1c1ents (C01sh 1977) In a- totally altered
5 sequence, coherence between Co and Cr is hlgh (Dav1es p;
d.et al. , 1979) Notable exceptlons are the sllght
fdepletlons 1n raw concentratlons of these three elements
'bcaused by extreme epldote and calc1te development
‘(Cond1e et al ; 1979) and a depletlon in Cr. in’ _
lmld océan rldge basalts (Melson et al. 1968) Inbthev
4'second case, thls 1s probably caused by or1g1nal o
-var1at1on 1n the samples, 51nce N1 and V- are stable and B
'gCr shows the greatest sen51t1v1ty to- sllght changes 1n

Fe/Mg in basaltlc rocks. Slmllarly Strong et al (1979)
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‘;noted that Cr, N1 and V var1ed 1nversely W1th 2r content

;1n an. altered plllow su1te con51dered to be calc alka11

' ”~.basalt or anﬂe51te. However,‘such 1n1t1al varlatlons _

. 'would be expected espec1ally 1n Zr and v amongst

-1ntermed1ate comp031tlons (Nockolds and Allen, 1956)

‘The sparce data avallable for Sc suggest that 1t behaves

. in a s1m11ar fashlon. Humphrls and. Thompson (1978b)

'conclude that SC, V Cr and Ni may be only locally _
‘,:moblle,.but agaln basaltlc plllows were used and part oﬁ
‘the var1at1on hay be. real. B1schoff and. Dlxon (1975) -
:noted however that N1 depletlon occurred 1n a basalt
reacted with seawater at 0 5 kb and 200 C Desplte
"ev1dence of sllght moblllty, Sc, V, Cr and’ N1 can be
‘con51dered relatlvely stable. v ;_

Zr and Y appear to be stable elther when plotted'
agalnst H. O* for a- large su1te of ocean floor basaltsah
(Humphrls and Thompson, 1978b) or: by reta1n1ng Stable ;
'ratlos w1th i (Cann 1970- C01sh 1977). Smith and

Smlth (1976) demonstrated a very strong coherence
'ibetween these three elements amongst the domalns of the’
Cliefden outcrop. The welght concentrat1ons show
con51derable varlatlon but rather than belng 1nd1cat1ve
’of mob111ty (Hellman' et al. , 1979) they may reflect :

.dens1ty changes caused by extreme chemlcal d

*f._redlstr1butlon The data of Condle et al (1977) show a

T 51m11ar pattern. Nb shows coherent ratlos w1th Zr (Cann

1970) but some varlatlon 1n an altered ande51te (Strong
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'et al‘ 1979) Sr tends to alter in the same sense as

- Ca (normally deplet1on), wh1le Rb and Cs- are depleted

[
7

Heavy rare earths all show stabzllty Hellman and

JHenderson (1977) suggested that some LREE were moblle/by

. compar1ng the altered base of the Bh01wada volcanlcs

'lw1th the overlylng fresh thOléllteS. Floyd (1977)

however,_argued that the marked d1fferences in La/Yb

\
ratios amongst the least altered samples 1nd1cated an

or1glnal comp051txonal varlatlon 1n the sequence. ‘This ™

may also expla1n the marked dlfference in P content

"w1th1n ‘the form\tlon, Hellman et al (1979) ‘observed a

_greater variation in LREE than in HREE in the Cllefden,

*Hg outcrop, but noted that the\varlat1ons are small ol

Other studles on ocean r1dge basalts (Herrmann 3

,—-———_—

t A] , 197@) and on an oph1ollte (Men21es et al. ,

'd197 ) 1nd1cate 1mmob1le LREE Men21es et Z (1979)

noted no changes in LREE or HREE durlng basalt seawater :

react1on at 0.5 kb and’ 150 350° C. This stablllty 3\§ L

- rema:ned even when the charge was totally altered to

chlorlte smectlte They concluded ‘that - retrogresszve
effects may cause 1nstab111ty at low temperatures
Hf appears to be stable under extreme alterat1on

[

(Condie et al , 1977) whereas no 51gn1f1cant varlatlon

was noted by Wood et al. (1979): One study of Ga (Melson

—t——— p——

‘t”'l.‘h 1968) suggests its stablllty - X Lo
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on’ Cr varlatlon more than on the other trace elements.:

In conc1u51on:.the most stable elements appear to
be T1, i, , Nb, Ga and the. HREE Sllght but uncommon
var1atlons occur in Al P Sc, Cr, V, Co, Ni and LREE

“while Fe can show a moderate variation, espec1ally if
sulphides are formed. Na,_Si, Ca, K, Rb and Sr are

" highly mobile. - ' \

d) Medium Grade Metamorphism

Very few studies have been carried out on the mobility

of major and trace elements under medium grade'metamorphism.-
'Field‘and'Elliot (1974) studied;binary plots} each of a

- single element in adjacent gabbro- amphlbollte pazrs.JSmall

varlatlons were seen in P, T1 and Cr' however, Sc, V, Co,

Ni, Yj‘Zr, Nb, Ga showed little significant variation. A

rocks were not corrected for changes in density.

A comparison of correlation coefficients for'relativelyd

stable element pairs between fresh and altered rocks may -

e11m1nate some of the varlatlon in V Co and Zr. . Cann (1970)

~used. thlS technlque to 1llustrate stable T1/Zr However,

Saunders amd Tarney (1977) 1nd1cated stable Ti, Zr and Y by
)}Irectly comparlng the elé/ent concentratlons in fresh and

altered parts of an ophlollte. Part of the problem w1th

" Field and Elllot S data may be the expected small scale

‘ varlatlon in Fe/Mg 1n coarse textured gabbros and 1ts effect

. drawback with their method is that concentrations in altered -
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C. FACTORS AFFECTING ELEMENT MOBILITY
Important factors affecting .the mobility of an element
are the stability of the host mineral during alteration, the
' ava1lab111ty of stable lattice sites and the intrinsic
properties of- the element itself, notably charge density.
The pH of the alteration flu1d and the water/rock'ratio are
also extremely impértant. ‘
N "The\elements whioh show the least mobility are
transition series elements with incomplete d-shells (Sc to
Ni, Y to Nb and La to fa) and f-shells (Ce to Lu, Th). The
hlgh charge densities of these ions 1nh1b1t the format1on ‘of
~soluble complexes in aqueous solut1ons of moderate PH.
- Within the Sc to Ni group, Mn shows a minimum charge den51ty
which may explaln its higher relatlve moblllty. Al, Ga and P
similarly show high charge densities. As a group these
elements contrast st:ongly with the alkalies and

alkali-earths., - -

Fig. 7-1 displays the likely host mineral sites for
immobile minor and trace elements in a mafic rock and thEIF‘
most likely rep051tor1es during sea- floor weatherlng and
low.grade metamorphism. /

The breakdown of plagioclase largely explains Ehe
mob111ty of Ca, which has been noted under all forms of
alteratlon, and of Sr and Ba, because plagloclase is the
-/vmaln rep051toryqfor these elements The stablllty of Sr-

‘noted by Hart et al. (1974), may reflect limited smectite

formation. At low grade, Ba would be lost while Sr is fixed'
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in epldote. The ev1dence for thls 1s the proport1on%%

‘increase. of Sr w1th modal epldote (Melson and Thompson

f"1968 Smlth. and Smlth 1976) . Condle et al. (1-977) hoted a .

‘751m11ar but smaller effect with Ga.»Y, Zr and La have only a
vfnegl1g1ble concentratlon 1n plagloclase and therefore, w1ll
‘_‘not be s1gn1f1cantly affected by the alterat1on of thlS '

mlneral L | - |

W1th1n cont1nental tholelltes and alka11 basalts w1th

llttle Oor -no K feldspar, K is concentrated predomlnantly 1n

°

) 1nterst1t1al glass along w1th Cs and Rb The 1ncrease 1n

these alkalles durlng sea floor weatherlng 1nd1cates i

:flxatlon 1n the 1nterlayer sztes of clay m1neralsu-Under low

l grade condltlons, such large 1ons oan f1nd avallable lattlce'

‘51tes w1th1n muscov1te, but they are usually lost Sodlum is

'the only alka11 1on small enough to be retalned w1th1n the

@

h"lor191nal feldspar structure (now alb1t8)~and'thus Can,;

'sometlmes show llmlted mob111ty (Cann, 1§h9"Reedhand '
"Morgan 1971) At medlum”grade, alkalls can be accomodated in
’ the amphlbole or. blotlte lattlce cau51ng a more llmlted
1~var1atlon in: the1r concentratlon (Cann 1970) Re51dual -
glass w1ll also preferentlally concentrate the LREEs..‘
Because glass is _very susceptlble to alterat;on ’itSt
gpresence or absence may accoint for the varled stablllty of
;;LREE (Humphrls et al , 1978) At low grade, REEs may be
‘accomodated by chlor(te (Copeland et al , 1971-‘Men21es

, et al~ , 1979) or w1th1n the structure of sphene or. ep1dote

P may be 51m11arly altered in a glassy rock with no apatlte

.
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‘fjf the ma1n rep051tory for P as well as LREE and Y,

A

‘.1both of hh?ch concentrate 1n the magma w1th fract1onat10n. ;2“],
'tThe stabllrty of apatlte even ‘at medlum grade metamorphlsm o
| ensures the. 1mmob111ty of these elements 'lrf'

The refractory nature of z1rcon under varylng grades of

btmetamorphlsm accounts for the 1mmob111ty of Zr and Hf and
-to some extent of Y P and Th .2r 1n pyroxenes decreases

5tw1th the fractlonatlon of a basaltlc magma (Wager and

Mltchell 1951) but concentrates 1n the re51dual melt 1n1

’x:{z1rcon. ercon thus becomes an 1ncreas1ngly 1mportant phase
")as 51llca content rlses.h_ | :

s The Fe T1 ox1des may . contaln‘BO% of the Ti and over

half of the v 1n a: basaltlc rock,as well as much Zr, Cr and’

"_ Sc. All of these elements can ‘be accomodated w1th1n the =

-«
’I' .

structure of sphene whlch commonly occurs as a. .
part1al replacem;nt'rlm on. the ox1de phase, at both low and -
rmedlum grades. ThlS suggests a hlgh stablllty for T1.
Cl1nopyroxene contalns 51gn1f1cant amounts of - almost
;all the stable trace elements 1n maf1c:rocksg It
'concentrates mdét of the Sc and Cr and much*of theVCo} ﬁi‘.ﬂ
hand V. Therefore, d1fferent alteratlon;patterns observed _
amongst these elements may reflect the'relatlve stab111ty of

]cllnopyroxene versus Fe T1 ox1des. Orthopyroxene and ollv1ne

- have a mpnor effect on allfthese elements except Ni. At low.

grade; the data of Condle et al (1977) 1nd1cates stablllty
 of,Sc and Cr w1th 1ncrea51ng epldotlzatlon and sllght f
}depletlon of . Co and N1. An oppos1te effect was. noted w1th

. .v' ’

\ L



17

ﬁLchlorlte carbonate alterat1on. ThlS suggests that dlvalent

gCo and Ni are accomodated 1n actlnollte and chlorlte,’whller g

:trlvalent Sc and Cr are preferentlally contalned in epldote,y

N\

pldote can aiso conta1n con51derab1e Tl.‘j‘ m.; E »l45f°
Act1nol1te chlorlte epldote alteratlon of cllnopyréxene__
fcould therefore retain all of the stable elements (see F1g
» 7-1). The small scale varlatlon of “Ni and Co (HUmphr1s and
dvThompson, 1978b) may reflect partlal solutlon durlng the

fgrowth of new hydrous phases;‘whereas var1ab111ty 1n Mn“

:"vwhlch is- malnly (-~ 70%) contalned 1n cllnopyroxene, 1nd1cates'

'1a greater degree of solut1on.,Under condltlons of sea- floor -

”K;weatherlng, 11m1ted mob111ty ‘of these elements w1ll occur

owlng to the formatlon of hydroxldes, thelr adherence to y

h clay partlcles,;and the 1ncorporatlon (of Nl) w1th1n
expandable clays. Cllnopyroxene may contaln about one thlrd
of Y 1n a maflc rock but this element does not appear to be¥

'-ea51ly dlspersed

.- D uﬁONCLUSIONS | _Ae\“
" From a rev1ew of the response of volcanlc rocks to

dlfferent types of" alteratlon the most stable‘elements‘are.
',seen to be P T1, Y, Zr, Nb, Ga, HREE Hf and 'Th, i.e. those
'-elements assoc1ated w1th refractory accessory mlnerals. For'
’dpetrogenetlc modell1ng and magmatlc claﬁgbflcat1on Jﬂt

,aux111ary use can be made of LREE Sc, V Cr, Co and Ni.



VIII. THE CLASSIFICATION OF ALTERED ‘vor.c'AAmc", ROCKS -
A, INTRODUCTION L _-E'. i

'4:In chapter 7 a rev1ew was. made of the relatlve
stablllty of major and trace elements under varylng
condltlons of metamorphlsm. This is con51dered 1mportant.
data 1n the study of metamorphosed volcanlc rocks because»
commonly used chemlcal c1a551f1cat10n schemes depend uponi”

‘h elements whlch are moblle durlng metamorphlsm and wh1ch are,"“‘

'therefore, of lim1ted use. As a result Y number of |
cla551f1cat10n schemes have been derlved whlch are baseddon
the use oF relatlvely stable elements. Alternatlvely, somelb“

’:schemes rely on moblle elements but attempt to screen outv‘

l.heav1ly altered samples from a pppulatlon before a
cla551f1cat10n 1s attempted Thls 1s achleved by ellmlnatlngh'.
those samples wh1ch have major element concentratlons |

o uncharacterlstlc of unaltered volcanlc rocks., The a!“
**//;chemes 1nclude both non- genetlc class:fucatlons ‘and se .

. whlch dlscrlmlnate between d1fferent tectonic env1ronments.'

'_In thlS chapter the pla551f1cat10n schemes 1n current-k'-”

T ﬁuse are rev1ewed and some new ones are- proposed The most

eff1c1ent of these have been 1ncorporated 1nto a flowchart

the use of wh1ch should avold many of the mlsleadxng

deductlons wh1ch are p0551ble w1th thlS work

Gy



- ‘B NON-TECTONIC CLASSIFICATIONS

s

Common schemes d1v1de rock types 1nto alkallne and

| 45Ubalka11ne groups (e. g Kennedy 1933 W1lk1nson 1968) the

;:former conta1n1ng the alkal1 ollv1ne basalt serles whlch

'“Vtcontaxns both SOdlC and pota551c r1ch dlfferentlateslf

:(MacDonald 1968- Baker et al., 1964) The schemes below all

2fﬂgroup the shoshonlte serles (Joplln, 1965 and 1968) Wlth the

RoR

pota551c @%salts. The subalkallne group 1s composed of the

B A
b

voth01811tlc serles and calc alkallne assoc1at10n (Tllley,

Fd

'f1950) In recent years komat11tes have been added as an‘fef'f

b\;addltlonal group

AN

@hese serles have been chosen by many authors becau5e ﬁ'f”
they appear to be natural d1v1510ns, w1thout necessarlly

hav1ng genetlc 1mp11catlons. However, because the'

“asubd1v1510n of subalkallne magmas can be suggestlve of

tectonlc env1ronmem§ 1t wlll be dealt w1th in a later
sectlon. The " d1v151on of volcanlc su1tes into alkallne and e

subalkallne types 1s 1mportant because the maf1c"

’dlfferentlatlon trends of these groups are effectlvely
.separated by a low temperature thermal d1v1de and could thus

 have a genetlc 51gn1f1cance. These types of cla551f1catlon':'

'7,are outllned below. F o ‘L . fvtf;.';f__ ,““ '*75’V75

”a):Major»Element Classificatlons

A number of schemes ex1st for cla551fy1ng a 11m1ted

rnumber of volcanlc rock types in terms of

f) » T

_ major element-oxide comblnatlons (Church 1975) or normatlve'
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j[plots (Arculus & Johnson 1978) Le Ma1tre/£l§267/used a:”

- data f1le of over 8000 analyses to 1dent1fy volcanlc and s;v

B plutonlc rocks u51ng major element ox1de plots and

-*d15cr1m1nant functlon analy51s, but because each rock name

was, taken from the l1terature and therefore erected on a

v

;w1de var1ety of cr1ter1a, large overlaps were seen and

k"vmethods of SUbdiv151on attempted

The most comprehen51ve and w1dely used scheme 1s that
- of Irv1ne and Baragar (1971) These authors suggested 1ts
.use for altered rockS\ It class1f1es 21 rock types and 1s' L

_based on a serles of 1n¢egrated catlon-normat1ve plots,

'I,vLeucwte bearlng and pera kal1ne (acmlte normatlve) rocks are

':dexcluded R 'rféu\\sl

(1) Ol Ne Q, Cpx Ol Opx and Alkalles Slllca Dlagrams-

‘o Yoder and T111ey (1952) worklng 1n4the ‘1f/:~’

’¢”c11nopyroxene ollv1ne nephellne quartz system fpund'av:f

thermal d1v1de c01nc1dent w1th the f l.’”:fir“," e

cllnopyroxene ollv1ne albxte plane._Based on . thlS,
;Irv1ne and Baragar used a catlon normatlve ol ne-Q- plot
‘as thelr ma1n separatlon d1agram.,The tendency for an d
’ alkallne ser1es to- cross thls plane from the nephel1ne

_ . -
' to hypersthene normatlve 51de has nece551tated an

emplrlcal sh1ft in the boundary curye..Poldervaart k
:'(1964) suggested that thls reflected the true p051tlon
:j of the thermal d1v1de, but because the boundary 1s-
habsent at the hlgher pressures ( apprOX1mately 10kb)

‘.more su1table to the productlon of . alka11 011v1ne basalt



‘(Green and Rlngwood 11968; o'Héra,'1968é Kushiro; 1969),
na real overlap should ex1st on all Varlatlon dlagrams. o
‘f_The ollv1ne thole11te comp051tlonal range thus

7(‘_represents a tran51tlona1 basalt zone., Basalts from

\

.alkaﬁl su1tes may cover half of this area (Flg -1)
dBecause a 51ngle d1v1d1ng 11ne has no real meanlng 1n
1?}separat1ng these magma types, the d1v1d1ng l1nes added
,~by Poldervaart to Irv1ne and Baragar s plot should be

'gv1ewed only as marklng emplrlcal 11m1ts for the'

comp051t10nal extent of alkallne su1tes 1nto the 011v1ne

:'tholellte f1e1d vf f""ff*"evff g"q‘-vw,'['~‘,‘

Thls problem occurs agaln if one uses Chayes (1966)‘~'

Adplot of cpx ol opx,.spec1f1cally des1gned for 011v1ne

vtholelmtes. Chayes used a hyperbollc d1v1d1ng llne whlchh :?
'f?fglves a’ good statlstlcal separatlon between the two"

.Qmagma types. Irv1ne and Baragar (1971) poxnted out that
.x'umany ocean floor basalts plot in. the alkallne fleld of

:thlS dlagram However, because such rocks are products

of low: pressure part1al meltlng (Qf alum:nous '

dhperldotlte) one should expect such comp051tlons to plot
- throughout the cpx ol opx field and therefore to

‘overlap w1th ol hy normatlve comp051tions which are

grouped w1th1n the alkaﬁlne fleld Chayes boundarles;

.agaln ‘mark the observed extent of moderate pressure

A'apartlal meltlng

A srmpler plot to use,'not requ1r1ng a norm a

A S
calculatlon,.1s the‘alkalles - 810, dlagram. Irv1ne and

P
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Baragar (1971) found only a moderate overlap across a

51ngle d1v1d1ng llne, but when compared to the much more :

'detalled plot of Cox et al (1979) thlS 11ne 1s seen to
. x
'occur w1th1n the hy normatlve fleld Detalled boundar1es

.cannot be constructed w1th1n thlS f1eld because the
/ .
51mple d1v1d1ng llnes of MacDonald and Katsura (1964)

’and Irv1ne and Baragar (1971) 51mply represent the

/

comp051tlonal varlatlon in plagloclase (McB1rney and

- ’Wllllams, 1969) therefore a whole serles of parallel

“d1v1d1ng llnes could be generated dependlng upon colour'
andex.~Thls is 1llustrated by,Schwarzer and Rogers

'(1974 Fig. ]) On thelr dlagram the boundary of Irv1ne'w
and Baragar (1971) appears to cla551fy many subalkallne:f
‘comp051tlons as alkallne._Thls plot therefore 1s o

»e{1mprec1se but agaln shows overlap between the two magma >
';'.types.» e - B R I |
' The low pressure thermal d1v1de therefore
f‘,represents,'ln theory, the max1mum comp051tlonal extentfj~' N
1yiof subalkallne magmas towards the alkallne f1eld and 152
the only meanlngful boundary on. alkallne versus ;f: |
tholeiitic var1at1on d1agrams. ThlS subalkallne l1m1t" e
has largely been 1gnored in: the constructlon of |
var1atlon dlagrams. B ) |

The problem with all of the” above systems rs thelrs—
llmltatlon to’ only mlldly altered rocks. Before u51ng
kthese dlagrams the analyses must be recalculated

o

volatlle free and ass1gned a value for the ox1datlon



123

_ratlo of 1ron. Thls value, wh1ch w111 change to some
“yextent durlng metamorphlsm has a marked effect on the’

nfcalculated norm and can strongly affect the a551gnment

- of subalkallne or alkal1ne character (Chayes 1966)

"’,Irv1ne and Baragar suggest calculatlng a maxlmum

1Tox1datlon rat1o by us1ng Fe203 = Tlo2 + 1 5 however.
Johnson et al (1978) found no . ba51s for thls 1n th61rl7
"data. Lt 1s probably better therefore to use the

»oxldatmon ratlo‘of theuleast;altered‘materlal.avallable;[.

ﬁ@(ii)JThe4Igneous Spectrum-w

:The dlscrlmlnatlng power of Irv1ne and Baragar S

31,7approach 1s offset by 1ts rellance upon catlon normat1ve"

';ffeldspar calculat1ons at several stages of the

| ]dcla551f1catlon..These depend ‘in turn upon the stablllty-[

":of Na and K. wh1ch are normally h1ghly moblle under

h;ilow grade metamorphlsm The eff1c1ency of the

] uncla551f1catlon could be 1mproved by a s1mple test for L
"the 11m1ted mob1l1é& of alkal1es. ‘f jfzj “1:lfxf?5ywlf';-

Hughes (1973)/produced a b1nary plot of two

j{rseparate functlons of Nazo and K20 ThlS plot deflned anj

iduarea ( 1gneous spectrum ) 1nclud1ng all unaltered

;1fvolcan1c rock types wh1ch was subd1v1ded into zones:‘
jecharacter1st1c of each ma1n type. Stauffer et al (1975)f”
f‘extended the fleld to 1nclude ‘the low K thole11t1es of
v lsland arcs. Komatlltes have hot been 1ncluded in thls

plot but these are normalby detectable by other means :

 (see below) Mlyashlro (1975) dev1sed a 51m11ar"
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discrimination“plot.‘-

Hughes s "1gneous spectrum":1s suggested for use as

bd*a prellmlnary screen to ellmlnate most non 1gneous
comp051t10ns. A subsequent Irv1ne and Baragar routlne
acan then be used for a more detalled class1f1cat10n.'It

alis 1mportant to real1se that thls\screen will not check

'hpthe stab111ty of Na and K but w1ll select rocks whlch

_hshow only a 11m1ted mob111ty of these elements.
(31‘1’)'caO/A 203-—Mgo/10 sloz/mo plot- |
f;r{(f Because theelgneous spectrum plot essentlally test5’°

";fonly for unaltered felspar 1t was found 1n practlce

'ff;'to glve an. unaltered cla551f1cat10n to rocbs w1th an -

: /. oo
'.1gneous alkal1 comp051t1on but w1th wldely varylng Ca

'1wcontents._A further test for Ca moblllty was made u51ng
‘the CEO/Ale;‘MgO/10 5102/100 plot of P A Dav1s-j'~
’r‘b(pers ‘comm, 1979) The logar1thm1c varlatlon of Cao
"normallzed to the relat1vely stable oxlde Alzoa is

14

:compensated for by the 51m11ar varlatlon 1n ‘MgO.

e

';'Unaltered contlnental lavas are restrlcted to a narrow
~zone of 1ncrea51ng SlOz. Further test1ng by the author
o establlshed that thls zone was valld for oceanlc 1sland
%and calc alkallne SUItES. Th1s dlagram was used in
con]unctlon w1th the 1gneous spectrum on a test su1te of'?
_24 maflc samples from the Kahochella Group, Great Slave
Lake, on whlch norms had been calculated. Ehere were
bf'.donly four samples Wthh had acceptable 1gneous normS"

.(1 e. no corundum or wollastonlte) and Wthh also could

-
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:rifbe cla551f1ed as unalbered by both of the alteratlon

screens above (see Ch 10)

'(1v) Correlat1on Matrlx' )
An alternatlve technlque whlch may 1nvolve the use
r of more data would be to modlfy the correlatlve | ‘l
'technlque of Davies ggﬂgl: (1979)»Ksee above). Assummng
"K,0 to be the most mobile[oxidealmolecular ratlos of
“each oxidelto KgO,cobld beicomoaﬁzdxfor)a suite_of
éamplee'usingﬁa-simple'correlationomatrim;

_For a limited raﬁgé in’compoeltlon; highfl‘ |
correlatlon coeff1c1ents should be expected for stable'
) element palrs..These could subsequently be checked for a;'
\l;near zego 1ntercept The elements show1ng hlgh |
correlatlons could then be used to deflne the magma
.typer A problem would occur however,'ln a d1fferent1atedn-

. su1te where the correlatlon coeff1c1ents betweenA”

.uqaltered element palrs may not be hlgh Even amongst a *

'111m1ted comp051tlonal range, correlatlons between

"stable elements may be low in unaltered rocks e. g |
Cann (1970) noted the stablllty of Nb and Y.
‘:concentratlons between fresh and altered basalts even
 though the correlatlon coeff1c1ents were both very lowv
"( O 23 O 34) More 1mportantly, blnary plots of ratlos '
whlch use the Same var1able as a denomlnator w1ll |
develop spurlous p051t1ve correlat1ons, partlcularly 1f
:'the varlance of thlS varlable 1s comparatlvely large _r

(Chayes, 1971)



Most major element studles should therefore be.

treated thh caut1on becaUSe many samples may not be.

usable. A better approach 1s to use stable elements.

b) Stable Element Class1f1cat1ons for. Ma£1c Rocks .
" Most stable element cla551f1catrgds have‘agaln;been

tnprlmarlly concerned with maflc rocks.

(1) Nb/Y-f | B
Pearce and Cann (1973) separated alkallne from _
'thole11t1c basalts by the cons;stently hlgher Nb/Y ratlog.
‘_eof ‘the former. Although they grouped thelr data on a
:itectonlc bas1s, a range of overlap and tran51tlonal
':j comp051tlons occurs between Nb/Y values of 0 5 to ert.:
: “TQ Floyd and Wlnchester s (1975) data 1nd1cate ah’
't_overlap of alkallne and tholelltlc flelds from 0'67 to
1 2, wh1le Wlnchester and Floyd s (1977) scgeme ‘shows -
'“the tran51tlonal Easter Island 5u1te plotting in this
: overlap reg1on Because these comp051t10ns should be.
.1ncluded w1th alkallne su1tes they suggest a d1v1d1ng
Al1ne of 0. 67 between thOIElltLC and alkallne
_4comp051tlons.‘Wh11e other tran51t10nal su1tes (e.qg.
vZuba1r° Gass et al. 1973) also plot in this range,_~
g1nclu51on of others (e g M1d Atlantlc Rldge, 450 N*' o
“Cann,‘197@-APearce'and Cann .1973) reduces thls d1v1de
to 0.5, and Hebrldean Plateau basalts (Morrlson ,- 1978)

further reduce it to 0.4. The latter group is domlnantly

ot- hy normatlve (Thompson et a] , 1972) and~d15playsw”[
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Nb/Y ratios as low as.those from ocean floor basalts
‘(<0'55vPearce and Cann;v1973) . |

Nb/Y therefore appears 1n5en51t1ve to the - \
separatlon of ' quartz and hy normat1ve comp051t1ons ' _
although only a small number of tholeiites have Nb/¥ >
>0.67.°Compoeition5'with‘Nb/Y‘>1‘are uneQUiroally.

_ ne—normative-‘

i

(ii) Nb/Y and TlOz Vs, Zr/ons.

Floyd and. Winchester (1975) produced. blnary
diécrlmlnatlon dlagrams for alkallne vSs. subalka11ne.
_basalts (i. e.”45- 52% SlOzJ based on 1mmob1le elements
..whlch tend to ‘be more hlghly concentrated in. alkallne
'rocks.‘ o |

The best dlscr1m1nat10n was obtalned from a Nb/Y

vs. z:/onsld;agram (Fig. 8—2), thelr.only plot wh;ch
‘USesvelement ratios on?botn axes. No_neaningful tectonic
disCrimination was claimed by the authors with any plot.
However, although these authors group ocean floor and
t_oceanlc 1sland basalts together, ‘they take ‘note of the
: con51stent1y hlgher Ti and Zr contents of the\latter.

- The authors cla551f1ed a.number ofgaltered rock suites
dwith‘these>diagrams (winchester_anddéioyd,.1976):but did
no'detailed check.oflthe consistencyvinfclassification
of each plot. R _“__""

"The. commonly used: TiO, vs.. Zr/P 05 plot (e .9
Graham 1976b Morrlson 1979 Strong et aI ;;1979)“

.sometlmes suggestsva more alkallne comp051tron_than the
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Nb/Y Qs. Zr /P30y plot. de Albuquerque (1979) noted that‘
tne ne to hy- normative basalts of‘the Red Sea (Zubair
Island)fand Mauritus‘wereArespectivély classified as
falkalxne and transitional with these plots, whlle
Morrlson (1978) noted that the Hebrldean Plateau layas
were-likewise classified as transitional and
subalkaline.

.This tendenéy for the former plot to emphasise
alka;inity can also be seen by its alkaline " ) ﬁﬁ§
clas§ification of the spilites of N.W. Germany )

(Winchester and Floyd, 1976) although this suite

and a-clinopyroxene

By

di splays a thole11t1} REE patt

‘compos1t10n suggestive of mil kaline cdhditions

(Floyd»and winchestef, 1978). kffferenceltannot be”
caused by thﬁylnclu51on of 1nte:med1ate comp051tlons

“because these will tend to plot towards the subalkallne

field boundary in the T1Oz vSs. Zr/PZO; daagram and ,
further 1nto-the alkallne field on the Nb/Y vs. Zr/P Os 1 “
plot i.e. in the opposite sense of the anomaly Nb/Y

‘therefore appears to be a more sensitive 1nd1cator of
Jiialkallnlty than Tio,, the latter being unable to o
dlscrlmlnate between alkal1ne and transitional basalts

Becaus@ these diagrams must both contain a finite

area~of overlap analégous to part of an ol- hy normatlve

- ,nfleld we may expect transitional compositions to range

into the subalkallne fleld The Nb/Y vs. Zr/ons plot

-

therefore usefully restrlcts re- normatlve compositions

-0
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"‘to 1ts alkallne freld but llke ‘the’ Nb/Y ratlo allows‘a‘
,large overlap between tran51t10nal and pr1m1t1ve (1 e.,x

'flow - pre55ure, Mgo rloh) melts. TlOz vs. Zr/Pz'

)

legltlmately classes tran51t10nal¢comap51t1

=

i'valkallc su1tes but - usefully restrlcts tran51tlonal

,S w1th

lHebr1dean basalts to >1.4% Tloz (Flg. 8- 3) and separates
'them from the pr1m1t1ve Preshall Mhor type. °
The Preshall‘Mhoggdykes deserve spec1al mentlon_ '
.here. These have maJOFand trace element pafterns very:
';51m11ar to ocean floor basalts (Mattey et'al , 1977)

~ but show sllghtly lower T102 (,‘1%) and S102-( 47%) and

\i;‘hlgher CaO (11—13%) they would therefore appear to be_:

'the product of exten51ve low pressure partlal meltlng

e

_except Eor‘the occa51onal appearance ‘of ne in the norm.
'_Thls may be caused however, by the low (1 5%) Fe203’
1content whlch wés assumed by Mattey et a7 (1977)
hOther pr1m1t1ve contlnental basalts (e g. the'
;ollv1ne poor tertlary Baff1n Bay lavas, Clark, 1970

' Table.l, col. 5) have a very 51m11ar chemlstry to the

) Preshall Mhor dykesf

' no ne- normatlve

5

. ,-,-?& :
comp051tlons A ne—normat1Ve ana1y51s whlch is closely

""comparable, except for hlgher KZO occurs at G1rnar, W.

'Deccan (Bose, 1972 Table 1 col 167 ‘but thls is #n, j"“f‘
‘1solated gabbro 1ntru51on apparently unrelated to the

ma1n Deccan volcanism. Although the Preshall Mhor dykes

v

are probably all hy normatlve; one should con51der the -

p0551b111ty of a551gn1ng a trans1t10nal character tog§§ gﬁ

e

r..\.
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'zf » of ande51tes plot as transitional on thlS dlagram.

altered basalts whlch have the stable element 5\¢»ﬂ</7

/

comp051t10n of/a prum1t1ve tholellte but occur in a

ot

, contlnental env1ronment

‘?f‘ In addltlon, the hlgh overlap between tran51tlonal
and sub kallne comp051tlons on these dlagramsmby a |
contlnental su1te is- axrarltyband could -be explalned by |
a h1gh Zr content caused by crustal contam;?étlon. The ;*l
h1gh Th content (Wood et al , 1979) and 1 "’Nd/"‘Ndv

(Carter et al. , 1978) of the Hebrldean su1te

con51dered to be strong ev1dence of crustal

contamlnation
These two plots are therefore b st used in sequence
to separate ne normatlve comp051tlo's (Nb/Y vs, Zr/P 05

and then tran51tlonal types (TlOz‘VS. Zr/P Os ), both a

result of medlum pressure me1t1n ; from some pr1m1t1ve
subalkallne comp051tlon5'wh1ch/hay 1nclude75 .

quartz normatlve types." . ’/f

A fi al.p01nt is that these plots do not apply to
lavaskfrom ompre551ve env1ronments. de Albuquerque
(1979) show_d that 1sland arc tholelltes plot close to
the tr;;sltlonal bmundary but stlll w1th1n the .
subalkallne fleld on the TlOz vs. Zl/P Os plot.
S1§llarly/the Chltaldrug amph1bolltes (Fond and

thchegter 1978) whlch show the low Ga ‘and. hlgh Zr/TrOz

CH

~.Intermed1ate compoSatlons should be screened before

/

.

/hese plots are used

'/ 'Z‘ U ) : /
. . . /

|
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“e) Stable'Element‘ClasSifications‘using’MaﬁiC‘to Felsic .
Compositions

vk

Problems can arlse w1th basaltlc rock. c1a551f1cat10ns
‘xf altered 1ntermed1ate comp051t10ns are confused w1th maflc-
"rocks. Under low grade metamorphlsm, the common Ca deplet1on,

"and Na increase of altered basalts may lead to a superf1c1al

"fchemlcal 51m1lar1ty w1th ande51tes but the common

‘preservatlon of- 1gneous textures ‘allows 1ntermed1ate rocks
:‘to be separated by low colour 1ndex, the threshold value

‘belng varlably deflned between 3O and\40 Alternatlvely,

'_-under medlum grade metamorphlsm, 1gneous textures and modal_

colour 1nd1ces are not preserved The normatlve color 1ndexk
may be of use. here although thlS is often modlfled somewhatjt“
. by alteratlon. o |

| ‘ Identlflcatlon of 1ntermed1ate alkallne comp051t10ns
bhas been hlndered by varled chemlcal d1v151ons u51ng majort
. elements' e. g. hawallte)ls varylngly deflned as 1nclud1ng a.'
range in dlfferentlatlon index of 30- 45 (Thompson et al. ,
©1972),. 35- 56 (Nockolds | et al. , 1978) and 38- 51 (Tllley%and
- Muir,. 1964' Floyd, 1976) The {atter class1f1catlon forms
~the ba51s of Irv1ne & Baragar s'@1971) subd1v151ons.w

Floyd (1976) producedma plot for dlscrlmlnat1ng

rock types of the SOdlC alkallne serles u31ng major elements

'(Sloz vs. TlO /P, Os T.; hlgh overlap>of the basalt and

rau,o

hhawa11te flelds is no able but mugearltes are restrlcted to
M G ;

y}oz/P O; values\gf <3.5. T e

T
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*(1) Zr/'rlo2 vs.‘Nb/Y' o | IR
’1’. h‘? f Wlnchester and Floyd (1977) attempted to claaslfy
| -hrock su1tes by the use of d1fferent1at1on lndlces based
‘*a;on 1mmob11e elements. Zr/Tloz was: shown to 1ncrease
amarkedly w1th 5102 content whlle Nb/Y stayed relat1vely
'3constant or showed a sl1ght 1ncrease for subalkallne‘.
x‘ffsu1tes. Both 1nd1Ces dlsplayed a. characterlstlc range of
";values dependlng upon the alkal1n1ty of each su1te.

@@ﬁpdapes in a Zr/Tloz vs.

,f'ﬁ.' The comblnatlon of the-

ftalkalles dlagram (Flg 4).'It allows cla551f1catlon of“

10 maflc to fe151c rock types, but because the complete“
ljfrange of volcanlc rocks 1s 1ncluded each subd1v151on B

«represents an agglomeratlon of 51m11ar groups. Th1s 1s

\

Nfaec1ally the case w1th the alkallne sultes. Both the'

]
_odlc and pota551c su1tes are 1ndlst1ngu1shable on the
Wd1agram. Furthermore, the Zr/TlOz ratlo, 11ke T102/P 05"f2

les relatlvely 1nsen51t1ve to 1ntermed1ate u‘??v'

. dlfferentlates, thus alka11 basalts are grouped ‘with o
hawallte.and mugearlte (and trachybasalt) but - separated 'l
a.from benmorlte (and trlstan1te) |
' Although they show a large overlap,‘mugearltes may
be dlstlngulshed from basalts by the1r hlgher average
_Zr/T1Oz ratio (O 017 compared to O 008) owever,
1E‘loyd's (1976)_data set:con51dered~mugear;tes to haye.a:
mlnimum Zr/TiOz‘of_0.017.'FUthermore, the limltations of

_ the alkaline/subalkaline dividing line of Nb/Y = 0.67
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'used on thls d1agram has alrd%dy been commented upon.
(see above) No preclse names therefod@}dan be given to
'lk};fiAalka11ne 1ntermed1ate rocks u51ng thlS dlagram but 1t 1sf
| B petrogenet1cally useful for d15t1ngu1sh1ng 1ntermed1ate
'from mafic rock types as a group. types._ f:‘_~‘.,fw
Subalkal1ne comp051tlons on thlS dlagram show a |
small overlap between ande51tes and basalts. The Zr/Tlozj‘
‘f‘“ratlo 1;ﬁplotted in other dlagrams agalnst Ce and éa,“:
both of which 1ncrease w1th the alkallnlty of the su1te._~
These dlagrams are, however based on smaller data setsv'
k ‘and dlsplay a hlgher overlap between basalts and
| ande51tes and between d1fferent basalt ‘types. |
The above dlagrams can be used in conjunctlon w1th

T
colour 1ndex to 1dent1fy felsic and 1ntermed1ate S

comp051tlons before checklng the maflcs on a more IR
-surtable dlagram. R %,Q:i
(il) REE- .

As p01nted out. above, LREE are" moblle undé®
condltlons of sea floor weatherlng, espec1ally -La and
Ce. Under med1um grade metamorph1sm, LREE may show.'

_ moderate mob111ty HREE appear to be stable under allzw

-

condltlons. _ ‘
| The USefulness of REE’in magma classification isd
apparent when the 'REE- contents of samples from dlfferent‘
tectonzc env1ronments are normallzed to a chondritic
comp051t1on (e g. see Garc1a 1978). ngh SlOz and

alkalqes are typ1f1ed by enhanced LREE contents although
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con51derable overlap ex1sts between f1elds.id;:'

) K- poor tholelltes from both 1sland arcs and ocean'gi
h rldges have 1dent1cal horlzontal proflles w1th most REE

y1eld1ng chondrlte normal1zed concentratlons of between

- 8 and 35 A character1st1c, relatlve depletlon of La, Ce

- - ,.‘

»/and Yb occurs grv1ng a La (& Yb) range in concentratlon
. {of 5 to 25 t1mes chondrltlc values Ocean 1sland and
calc alkallne basalts can largely be 1ncluded in’ thlS
envelope but show a negatlve chondrlte normallzed slope E
from La- (20 to 40) through Gd (10 to 20) to Lu (6 to
'12)) (Condle, 1976 F1g ) . o

| Alkall basalts show an even steeper negatlve slope
‘than ocean 1sland basalts.-HREE are. s1m1lar but w1th Gd
> 20 ana a strong La and Ce. enrlchment (La from 60 to

i

>100) . Nephellnltes have s1m11ar slopes but Wlth a .
\hlgher range 1n concentrat1ons (e g. La >400) K r1ch L
baSalts w1ll show even steeper proflles (Kay and Gast
1973 Sulllvan and Keen,;1977) Floyd suggested that)A
2 alka11 basalts could be character1zed by La/Yb ratlos of
o to 40 compared w1th the range of 2 to.7 for
f.contlnental tholellte.Ai | v
- } Ande51tes show a range of concentration. proflles
vwhlch overlap the f1elds of calc- alka11 to alkal1b_.‘
basalts.,They also dlsplay a negat1ve Eu anomaly whlch ‘

d15t1ngu1shes them from 5111c1f1ed basalts (Kay and

: Senechal 1976)



135

Therefore, if 1ntermed1ate comp051t10ns are ‘
u;excluded concentratlon proflles of HREE from chondrlte_

1jf; normallzed plots w1ll allow the 1dent1f1catlon of three
”hgroups of basalﬁs-'alkal1,_ocean 1sland e |
*thole11te/calcalka11 and ocean floor basalt/arc
;Jtholellte. Ow1ng to the w1de range in REE concentratlon

‘for each su1te, ranges 1n ratlos such as Gd/Yb may be

‘,’ useful dlscrlmlnants under all cond1t10ns of alteratlon.

¢,c:,TEcronrc'cLAssxFICATIONS

f Several attempts have been made 1n“recent years. to

characterlse volcanlc rocks from drfferent structural o

fsett1ngs u51ng plate tectonlc models. Because this o )ﬂ~/

'presupposes the exlstence of rlgld 51al1c plates, such

amodels cannot be used for the study of Archean env1ronments’

Such studles commonly compare the basalt1c components

from each env1ronment u51ng an 1dent1f1catlon scheme such as>

‘.the one below (after Pearce, 1976) ' . -

1. W1th1n plate basalts (WPB) 1nclude both alkallne (WPA)
.and thole11t1c (WPT) types erupted through contlnental Q_
crust (CON) and as ocean ‘islands and seamounts (OIB)

~t2."0cean floor basalts (OFB) are erupted at dlvergent plate_
'marglns. - - . ®

3;f'Volcan1c arc basalts (VAB) are erupted at convergent

,plate marglns and 1nclude island arc tholelltes (IAT)

whlch are generally low in K (LKT), -fnf

Qtrenches‘ calc alka11 basalts (CAB) erupted behind"thed



trench or on a contlnental margln' and shoshonltes (SHO)
dlscussed below.» v N 0 | v‘ |
The major element chem1stry of each of the above groups
1s 1llhstrated 1n F1g 8- 5 although con51derable overlap
eXIStS between these mean values._ - | v
OFB and MgO and CaO rlch thole1ites wh1ch connect two.r
chem1cal trends, one of 1ncreas1ng T1Oz and FeO _ B '1 ,
-character121ng WPB (Hubbard 1969) and a second showlng the o
| h;;h S1Oz and Al 03 of, VAB IAT and CAB are not clearly—
separable in terms of thelr tectonlc env1ronment (Arculus
- and’ Johnson 1978) but both tend to show hzgher K, Rb Cs,

Sr, Ba and Pb and lower MgO Ni and Cr than OFB (Jakes and
Gill, 1970). o | .
The SHO ser1es is dlstlngu1shed from_the pota551c
"basalts by a notable lack of FeO and NazO enrlchment a hlgh

- Al,05" content (16 20% for SHO) ,. the appearance of modal
~;orthopyroxene and a common f1eld4ocdurrence as 1gn1mbr1tes”
:MJopl1n (1968) . con51ders the Se;;gs:to be rqpresentatlve of-
‘newly stablllzed contlnental marglns whlle a recent rev1ew‘
_ of arc-trench .Systems (Arculus and Johnson 1978) states
that they are most common)ln regions w1th a long hlstory of
plate 1nteract10ns. Joplln (1968) however notes the
Aassoc1atlon of shoshon1tes with leuc1te bear1ng rocks and
contlnental rlftsy(E .Afr1ca and. River Rhlne) thusﬁthey are,

in 1solat10n, non d1agnost1c of tectonlc env1ronment

Although OFB show little varlatlon in thelr majﬂgr

" -
. \L W

element chemlstry, some unusual compos1t10ns do occur. In
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'the Indlan ocean, granltlc to per1dot1t1c complexes are,; »
'lfound (Engel and F1sher 1975) whlle tran51t10nal to alkallne :
'ﬂ:comp051t10ns are found in: the M1d Atlant1c Rldge (Bonattl' .
et al. ; 1971- Aumento et al 1971) and the East Pac1f1c
‘Rlse (Johnson,-1979) -These, however, are rare and locallzed

"Tand should not affect the overall tectonlc cla531f1cat10n.l

‘fa)\ﬂajorfElement-ClaSSifications forinafic_Rocks77"

(1) Dlscrlmlnant functlon analy51s'
Pearce (1976) used factor ana1y51s of elght major
L»elements determlned on 358 basalts to 1dent1fy the above_‘
mentloned tectonlc groups. To av01d comp051t10nal b
A;uoverlap from 1ntermed1ate dlfferentlates, samples wereg
”uf:restrlcted to’a CaO + Mgo contents of 12 to 20%
‘ Three dlscrlmlnant functlons allowed v1sual
.separatlon of f1ve magma types w1th F, effectlvelyb
| ;separat1ng WPB form VAB Fa, subd1v1d1ng VAB' and
hldentlfylng OFB and Fa'ldentlfylng LKT Because Fz 15' ;
istrongly dependent upon K.O" and MgO low grade { |
‘imetamorﬁhlsm could cause the mlscla551f1cat10n of many"
magma types as OFB Sea floor weatherlng, w1th 1ts
‘ assoc1ated increase in K o would cause the opp051te
effect v” ‘ : o
“Fy be1ng strongly dependent upon TlOz content
_appears to be: alteratlon re51stant and a value of <0.34
:'15 therefore useful for 1dent1fy1ng WPB OFB cannot be

‘ 1dent1f1ed by F1 alone, however MgO r1ch WPB from Baff1n
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:Bay (Clarke, 1970) and Scoresby Sund (Fawcett et al ,g
1973) Whlch were not 1ncluded by Pearce (1976) in h1s
‘.data set plot w1th1n the OFB fleld 1n F,, ;-‘space.t
Where exten51ve alteratlon has taken place,

,dlscr1m1nant functlon analy51s may be no more of a

h‘_tectonlc gu1de than T10z content.

(id)'Tiog'—tKro R os.

- pT,H‘ Pearce et a7 (1975) plotted the 1ncompat1ble-‘

.,élements:Tl K. and P for subalkallne basalts 1nd1cat1ng;f’

thehlog“Tioi/Kthrat;osﬂof,QFBbcompared to most,WPB;- §

They.also’showed»that’a?number’Of'WPB hadla

;\“pr1m1t1ve character 51m11ar to OFB Th1s 1ncluded the

lshleld stage basalts from Hawa11 as well as contlnentalmh
d@basalts such as those from Greenland Deccan and some
Karroo lavas from South Afr1ca and Lesotho Thesevu
~basalts occur'on contlnental-marglns and can-helrelated'
_to a. ten51onal featqre approx1mately parallel to an
vadjacent m1d oceanlc rldge (Glbson 1966) ThlS may be
| related to the 1n1t1al r1ft1ng of a contlnent and the o
first stage of ocean formatlon (e g Brooks, 1973)

| ThlS diagram does not 1nclude VAB and therefore
'only demonstrates theooverlap between OFB and W;B It
sfcan be useful for 1dent1fy1ng the~more'evolved‘WPB, or-
1f an en51a11c env1ronment 1svcertain, for suspecting anf
:~_ advanced stage of contlnental rlfting. |

~As with factor analy51s,nthe 1dent1f1catlon of OFB

.relles greatly upon stable K O therefOre th1s d1agram
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although wldely used (e g. Graham, 1976a' Strong et al
'; 1978- Strong, et al 1979) is of llmlted use w1th
'“altered materlal o ,’*- . g»‘i,_; ‘-';,_ - ;
g(111) P 05 is. TiO,:

| A s1mple d1agram which assumes that/}he su1te

» contalns no VAB is a b1nary plot of P 05 vs. T10zi
(Rldley et al 1974) ThlS dlscrlmlnates OFB from OIT‘;
~and WPA, Although de51gned for use in ocean bas1ns,
contlnental lavas can. be plotted and an OFB character
assumed if the samples contaln less than 2 3% TiO, andx
~0 3% ons. The accuracy of thlS dlagram is llkely to be s

' hlgher because 1t av01ds the use of K O

(1v) MgO - FeO* - Al O;.i o L
.Both Pearce' s (1976) F,, F, plot and Flg ‘S;Sfi‘
, dlsplay two overlapplng but dlvergent trends amongst
E.basalts-.that of WPB and of VAB. ‘By u51ng “the least
“Mmobile mlnor element components of Flg 8 -5, 1t should
be possible to. construct a tr1angular plot which
_’preserves this. trend
Pearce et al. (1977) constructed such a dlagram for
k subalkallne compos1t10ns u51ng Mg0, Al.0; and total Fe
'ras FeO (i.e.. FeOx) (Flg 8- 6) They found that basaltlc
fande51tes gave a better separatlon of tectonch
jenv1ronment than basalts, each group formlng 1solated

"clusters. These authors therefore clalm that the effects

of crystal fractlonatlon are of a smaller magnltude than.
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_any effects,causedbby the environment of eruption,
- However, the best aiscrimina‘tion is between the -
‘cont1nental and orogenlc f1elds, and an 1ncrea51ng

dd1Vergence in Fe enrlchment between thole11t1c/alka11ne

L
RAES

" and calc alkallne magmas would be expected amongst .
41ntermed1ate rather than maf1c compos1tlons. The _
, dlscrete clusterlng of.OFBrand OIB flelds may be also '
'related to. the much smaller sample 51zes used to . .
”establlsh these groups. Few OFB occur w1th over 51% S102
: and so an: obserVed Fe- enr1chment w1ll &e llmlted

¢

‘cau51ng a separatlon between OFB and OIB flelds,
‘,“Furthermore only 6% of the OIB sample f.set quallfled
,for plottlng on th1s dlagram and would probably enhance_.
the effect of a 51ngle locallty Therefore, tectonlc
’ltdlscrlm;natlon does_appear to~be enhanced~byd4
-<7fractionation'proVided‘that-lt‘is‘ofilimited ertent;'

: However,_the study made use of 8400 analyses and showed

da usable dlfference in Fe enrlchment between basalts

'ffrom ocean floors/rlfted contlnents and unrlfted

l'contlnents.

‘ o Although orogenlc and contlnental env1ronments can
'rbe read1ly dlstlngu1shed u51ng thls plot and the1r
1dent1f1catlon will be llttle affected by Mgo moblllty,

fother groups wxll not be readlly determ;ned ow1ng to-the .

';large number of samples needed A test should also be

jmade.for 11m1ted,5102~mob111ty before this plot is used.
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e :
b) Stable Trace ElementvCIassificatienslfor;Maficikdcks
('i)‘ -'ri—'Zr—'Yf
‘ The Ti-zr-v dlagram of Pearce and Cann (1973) QP
been widely. used for. plottxng maflc comp051tlons (e g.
Wilkinson and Cann 1974- Ale1n1koff 1977- Furnes
‘et al f 1978 ‘Tull and Stow 1980) ggt makes use of
.three elements whlch retaln the most stable
1nter element ratlos durlng alterat1on, and 1nd1cates
’four tecton1c env1ronments._ o S
The arrangement of these fields is comparable to
‘»those of Pearce (1976) who used a 51m11ar data 'set. WPB
‘are separated from VAB/OFB by hlgher Zr/Y ratlos,
l.whereas w:thln each group an’ 1ncrease 1n K2 0 1s proxled
.vby a Zr/TlOz increase. A llmlted data set was used to
.deflne the WPB f1eld magne51an contlnental basalts

Wbelng omltted Where data for the latter are avallable

'they are seern - to plot in the OFB field e. g. Baffln Bay
.~(Clarke, 1977) and the Lesotho Karroo (Flg 8 7) |

f1eld These include the Deccan traps (Vallance,
o

. some N. Wales dlabase (Floyd et al. , 1976) and
’Hebrldean non- pOfPthxtlc central basalts (Morrlso& ;;“‘”i
;1978) The latter two suites have T102 contents tod f'f

4-f(>1 7%) for CAB
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‘close to that of a calc-alkaline magma.

Floyd ggegl; (1976) argue that the N, Wales
' ~ ' )

. djabases represent a continental margin environment but

where high level sills iwedstudied,‘a'high 2r/Ti0O,; and

" apparent CAB affinity may be caused py the accidental

sampling of basaltic-andesitic compositions. The leaet .
altered Deccan and Hebridean samples, howeve:, all have
basaltic comp051t10ns. An alternatlve explanation cayld
be crustal contamlnatlon cau51ng 'increased 2r. Thls-has’
been shown to occur for -the Hebridean suxte (see above)

Owing to the nature of Zr/TIOz as a fractlonatlon
1ndex, cumulate rocks must not be plotted on this

F}

‘diagram. Graham (1976a) found that WPB- greenstones of a -

| tran51tlonal comp051t1on plotted in the CAB f1e1d

because of cumulate ‘ilmenite. Some undlfferentlated
. : ‘ '

transitiodnal compositfons”TOFB from Mozambidue basin‘— ¢

Fleet et al. , 1976) also plot 1n‘th£§ fleld <ﬁfxs

diagram therefore séparates unequ1vocal WPB from others

‘ whlch may be associated with contlnental r1ft1ng In the
Hebrldean su1te, this corresponds to a compar1son of

'§A alkalic and transmtlonal compositions versus ol- hy

1ormat1ve types (see Morrison, 1978,~F19, 6).
Calc—alkallne composxtlons are not well differentiated
on}thisddiagram beCause their compositional trend is
superimposed upoﬁ the OFB’field* baséltic—andesites andafll
‘andesites may plot in the CAB f1eld (Pearce and Cann

1971), and a cons1derable overlap occurs between IAT -and-

142
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CAB. The plot should be used only as a partlal test for fﬁ;

WPB, as Pearce and cann (1973) or1g1nally 1ntended theﬁ
VAB flelds should be- 1gnored lpecause biax1al plots may

be more eas1ly generated by computer,‘and because the

fslmportant WPB f1e1d 1s 1dent1f1ed by cr1t1cal ratlos oﬁ,ﬂfd

};Tl and Zr to !g\thls plot may be replaced by the blnary*f

?ZZ/Y vs. T1/Y d1agram of Pearce and Gale (1977)

52(11) REE:
A strong suggestlon of tectonlc env1ronment is )ﬁ-

vy
,,glven by the slopes of chondr1te normallzed REE //

et -

'fproflles. Thorpe (1972) used a tr1angular plot of &elghtfjd

’concentrat1ons'of‘Ce, Y and La to dellneate flelds of

/

"“OFT WPT and alka11 basalt formlng a: consecutlve series '

/

'gof 1ncrea51ng Ce/Y ratlos. An andeslte fleld showed
’hlgher La than ‘this serles. Kepple et al. /(1?79)
tdemonstrated con51stent results WIth T/i and\gr and Y

'l_for medlum grade metamorphlsm Insﬁhew of the noted

, depletlon of Ce and La durlng weatherlng, chondrlterg_f_h

i

v‘normallzed PEE proflles would probably be more useful
.

‘h(lii) Th—Hf—Ta plot'

In ‘order to dev1se a tectonlcally sen51t1ve d1agram
in wh1ch 5111c1c magmas would plot close to the1r mafic.
nassoc1ates, Wood et al . (1979) dev1sed a trlangular plot
of Th—Hf/3—Ta Ow1ng to the lack of HE. and Ta analyses _*
“rln the llterature and the geochem1cal coherence og/these

elements w1th Zr and Nb the d1agram could bers1m11arly

; »fl43"fﬂ°

S
R

L

-



“.“ ‘ ‘h:

144

"”_Th/Hf-~No comp051tlo al overlap is seen be'V' fthe VAB '

l and OFB flelds, alth%ugh thls maﬁ be causeqf

‘fOf data for IAT i

'Eheflackm*

'

"‘V A large OFB/ffeld characterlses thlS plot Between
-the OFB and WPB f1e1ds these authors dellneate an area
character1st1c of anomalous segments of m1d oceanic

r1dges wh1ch are enrlched 1n 1ncompat1ble elements.

) “Erlank“and Kable (1976) noted such zones, deflnlng them

r

in terms of Nb/z 4 a ratlo comparable to but more stable
than Ba/K Thls composmtlonal range corresponds to Nb/Zr'
values of 0.06 Lo 0. 26 and would 1nc1ude WPB such as the
Lesotho Karroo The Hebr1dean basalts would plot in the :

normal OFB’ f1e d The ma1n use of this dlagram 1s in”’

. /
demonstratlng/the 1mportance of Th 1n dlstlngulshlng

“intermediate and 5111c1c lavas from VAB -WPB and OFB

However, rou 1ne neutron act1vat1on analy51s, rather

.than the mor vgommon,XRF, is necessary to determine ‘Th
cpncentrathns, r.f" 'Q';*' N

N - s . . L
" . . o

o

'D. COMBINED NON-TECTONIC AND TECTONIC CLASSIFICATIONS = |

Y . ST e : . j

e
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a) The Subd1$1s1on of Subalkal1ne Compos1t1ons o
" In add1t1on to 1dent1f1cat10n‘of alkal1 gqsalts,'whlch ;
are usually WPB the above tecton1o plots ca; 1d4?t1fy Fe
and TlOz r1ch tholelltes characterlst1c of ocean&@7lslands
and cont1nenta1 rifts. A dlfferent serles of plots are:u‘
needed for the deta1led subd1vrslon of subalkallne,'
rcompos1t10ns. Techn1ques de51gned to do thlé from elther a
compostlonal or tectonlc v1ewpo1nt essentlally serve the
vsame purpose, that 1s, the separatlon of calc alkgilne from'
thole11t1c trends, the former belng characterlstlc of an :
lsland arc or- contlnental margln env1ronment.,SeYeral
rschenes can be dev1sed whlch separate OFB from CAQ«but,:by‘h
referrlng to Flg 8-5;;two ola551f1cat1on dlfflcultles can
‘be seen. IR ..."‘ A W
| an,IATvare'teCtonically associated.With CAB'but have a
“lower KzO content%(Pearce, 1976) ‘and therefore a g'.
. ’lower Zr/Tloz'ratlo.aA group S0 derlned 1nc1udes

L

_both a. common Fe enrlchment trend (e. g Hokone,
'Japan Nockolds and Allen 1956) bnt also a rarefmf;" »
. suite of basalts e g“*from Guam (StarkJ’ﬁ@GB) whlch o
5hshow hlgh Cr comparable to OFB no’ Fe enrlehment and"
;‘: eia gradatlon 1nto CAB comp051tlons,'thls sulte 1s
H - lbest grouped w1th CAB. ‘.‘ o ! _h - o
_b.”HMgO r1ch WPB are chemlcally 1ndlst1ngu1shable from -
| OFB. To resolve the latter p01nt f1e1d ev1dence 1s
*'essentlal Garc1a (1978) p01nted out the use of {

ipaired’metamorphle belts,‘domrnant‘pyroclastlc
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textures and thlck 1nterlayergd sequences of -

' _greywackes and mudstones in 1dent1fy1ng 1sland arcs._

}Contlnental dep051ts are character1zed by assocrated

fJfluv1at11e or lacustrlne sedlments and commonly, s

underlylng basement is-seen.

Recogn1t1on of - contlnental env1ronments, partlcularly

',close to cont1nental marglns can be dlfflcult. For 1nstance"

1. " The Late Proter0201c Harbour Maln Group of Newfoundland

v

_lcon51st1ng of b3vas, pyroclast1cs,‘volcanlc;sed;ments

- and associated‘quartzvmonzonite7plutons7is interpreted"

s_both as an 1sland arc sequence (Hughes, 1970--Hughes and
~{ pruckner, 1971) and as a. Ba51n and Range Sequence
:(Papezik 1970 Strong and M1nat1d1s, 1975) o
ér.,The Proter0201c Cape Sm1th -IWakeham bay Belt of N., .
7i¢Quebec has basalts and komatlltes bedded w1th dolomlte,

-quartz1te and shale~but also andesrtlc-comp051tlons

(Baragar, 1974f The f1eld relatlonshlps of the northern

part of the belt are obscured by medlum grade

metamorphlsm (Moore, 1977)

- Other WPB env1ronments can also be equlvocal e. g the““

Ordov1C1an Roberts Arm Group of Newfoundland shows a blmodal
' basalt dac1te su1te 1nterleaved Wlth 51ltstone and greywacke
"and has been compared to both an island arc and oceanxc
1sland (Strong,‘1973) . ”_.., 3 u, 3u * ‘ _

Desplte the’ equ1vocal fleld ev1d%®§e %? the abovevgw
examples, the alternatlves of arc vergus w1th1n plate l
”volcan1sm would llkely be solved if thole11t1c (TH) as .h

o



oppo!edAtoéEalcealkaline'(CA) trends could be distinguished.
/. L S o G
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,,b) The Subd1v1s1on of Mafxc to Fels1c Compos1t10ns u51ng

-IMaJor Elements :

R (.ii?)'.."AEM: o | |
,4The d1v151on of subalkallne volcanlcs has commonly
\tinvoﬁved‘use of the AFM plot, the TH sultes belng
lbﬂdrstfhgu1shed from CA by the1r notable trend of Fe
"*p'enrlchment However a complete gradatlon in FeO
denrlchment trends appears to EXISt for the subalkallne
-'-su1tes (Ernst 1976 F1g¢ 4 50) -
- - Q;% s
Thls gradatl may be caused by the 1nterplay of a»y
number of dlffeQEnt mechan1sms advanced to explain the
_suppre551on of an Fe- enrlchment trend These 1nclude a.-
hlgh magmatlc 03 (Osborn 1959) separatlon of _ |
| amphlbole (Cawthorn and O Hara,.1976) and a hlgh alkall
V"content (Irv1ne, 1976) It would thus appear that no.
xfsharp chemlcal dlstlnctlon exists between TH and\;A

su1tes. U51ng Papua as .an’ example of this gradatlon in

; ‘Fe envlchment Johnsbn et al (1978) showed that

,_comp051t10na11y coherent and separate groups overlapped
'the normal TH/CA d1v1d1ng 11nes on- the AFM plot They
suggested the 1dent1f1catlon of c1rcumocean1c rocks on a

-_reglonal B§51s and rejected dav151ons 1nto art1f1c1al

. wor1d~w1de standard assoc1atlons. However some of" thelr
OVerlap is caused by the 1nclu51on of alkallne |

a

comp051t10ns. One sulte (Papua, Rabaul and Bouga1nv1lle)
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disventirely CAdand their suggested plot of normative.ne
;"or quarti + hy vs. a differentiationvindek‘ Still
1nd1cates considerable overlap amongst these sultes.

' ThlS example suggests that LKT/CAB separatlon in

jlsland arcs is art1f1c1al However, because only
- compre551onal env1ronments can- el1m1nate FeO enrlchment

| entlrely, and . because the- terms thole11t1c and
calcalkallne are in general use 1n the llterature, an

arb1trary boundary is suggested wh1ch 1s deflned by the L

B m1n1mum Fe enrichment trend seen 1n other than

I 4 J T
compre551onal env1ronments. ThlS trend is demonstrated

by the nonporphyr1t1c central basalts of the Herbrldes
_géNookolds and-Allen, 1956) and the Eerrar d1abase of
‘%Antarctica (Gunn 1966) When plotted on a- AFM dlagram
these trends correspond very closely to the TH/CA A
d1V151on\of Irvxne and Baragar (1971) A CA- trend s0 .vh
deflned should therefore e11m1nate the 1nclus1on of any
. w1th1n plate volcanlsm. _"- o g*'h

Because all basalt1c comp051tlons plot close
together on, an AFM dlagram, the TH/CA dlstlnctlon 1s
| largely deflned by a comp051t1onal trend rather than the
p051tlon of a locallsedmconcentrat1on of data 901nts.‘:
Comagmatlc 1ntermed1ate\comp051tlons should therefore
h'always be plotted where avallablerwBy the same token,
the use of. thlS dlagram may be. mlsleadlng 1n the study
‘of altered rocks;;where varylng trends may be caused by

a variation_in“alkalies. In addltlon, Glbson and
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_Watklnson (1979) showed that the 5111c1f1cat10n of
.d_basalts could cause a false CA trend, whereas Garc1a

-(1978) demonstrated that varxatlon 1n MgO amongst

1ntermed1ate ca comp051tlons could cause a TH trend.
.(11) FeO*/MgO f‘gs .

}';?jf’j M1ya8h1ro (1973) demonstrated CA versus TH. trends
i‘51mply by plottlng SlOz or FeO* (1 e. total Feras- %eo)
7aga1nst a dlfferentlatlon 1ndex (FeO*/MgO) The
11m1tat10ns of both these plots are shown by a very mlde
scatter of both the Karroo and Hebrldean thole11tes ~on
iboth'plots (Mlyashlro and Shldo, 1975 Flg 3. Thls'
r'p'caused these authors to reclasslfy subsets 5rom the d
| ab0ve two ‘suites as CA 'Because thlS class1f1cat10n‘
_serves no useful petrogenetlc purpose and because
":s111c1f1cat1on can cause an erroneous CA trend on both
vof these plots (Glbson and Watklnson, 1979,-Pearce7-
11975) the use of these diagrams rs not recOmmended.

c) The»Subdivision oflnaffc Rocks using Stable Eleﬂfn;s,

Several dlagrams u51ng malnly tran51t10n elements as

7.

1nd1cators ofaFe enrlchment and ir and Y as 1nd1cat1ve of
1ncrea51ngt zO and SlOz have been developed for the
subd1v1s1on of subalkallne rocks. : k;\v” o "rrj»'

Mlyashlro and Shﬂdo (1975) and Mlyashlro (1975)‘ShdweaJih
& ,

.that both Cr ‘and. Ni w1ll decrease kpgatlthmlcally w1th an S :,

' R
1ncrease in. FeO*/MgO for basaltlc rocks, a. SLmllar proflle

b -
-

belng observed regardless’of‘tectonac env;ronment.

. R T
o LY




150

N/
Therefore, although Ni and Cr qéncentrat1ons alone may not
be characterlstlc 6fj a tectonlc e'nv1r’nent, they will 4l%end

_ to' show very hlgh values in OFB ‘and. may be a useful

‘ d1ﬁferent1atlon‘1ndex..

(i) Ti vs. cCr:
| This dlagram has been used by Bloxham and LEWIS
(1972) Pearqé (1975), and developed further by Garc1a
T (1978) For a glven Cr content%'OFB show con51stently
"-hlgher T1Oz values that VAB VAB with over 200 ppm Cr
2 :-cannot be d15t1ngu1shed from OFB. ThlS 1ncludes the. d‘

‘”IAT/CAB from Guam.

(11) T1/Cr vs. Nij o
An essent1ally similar plot to the T1 vs. Cr‘

: d1agram was. produced by Beccaluva et al (1979) Bv“_ffd;
:normallzlng the.T; content to Cr, the d;scr1m1nating\;‘
'poverjis increased‘among low Ti oasalts. The empiricgl
_fleld boundary correctly cla551f1es 93% and 97% of ‘the
'lrespectlve VAB and OFB test. populatlons ‘A rare group of

Ca-rich OFB occurs w1th1n the VAB fleld but c01nc1des |

w1th minimum concentrat1on of the latter.‘

' Because th1s dlagram was de51gned for lavas- w;th

Si0;. contents of 40- 58% dlfferentlatlon effects jf

‘1ntroduced by plottlng altered basalt1c ande51t1C'

comp051t10ns Wlll be 1n51gn1f1cant o



151

‘(iiil Ti vs. 2r: . |

o This plot was used by Pearce and Cann k19735*to
‘subdivide subalkallne compos1tlons separated by thelr 3
Ti-2r-v dlagram Gargia's" (1978) version glves ’ |
iessentlally the same result and separates a. trend of
ATrozlenrlchment (OFB) from‘that,of Zr enr;chment (CAB)
'The'diagramhisithereforetanalagousvto‘the'EeQ#yMgQ vs:

sio, plot of Miyashiro (1973) Thevconvergencelof the

h'two trends 1s def1ned by. an: area contalnlng both LKT and N

OFB. The use of Zr therefore allows subd1V151on of the

“‘~VAB field. If OFB are el1m1nated from a sample sulte
’uslng one of the above plots, LKT of both‘types could “be dl
'1dent1f1ed by restr1ct1ng thlS dlagram to the study of
VAB. '/ .

A llmltatlon of all three of these dlagrams 1s 1llustrated '

by F1g 8 8 Whlch dlsplays maflc comp051t1ons from a number'-’
*

,of cont1nental thole11t1c su1tes, u51ng the T1 Zr dlagram ash"

.an example. The weak Fe enrlchment trend of the Ferrar,
Deccan and Hebrldean su1tes ‘makes’ them appear ‘to be CA
Because these pr1m1t1ve comp051tlons are restrlcted to a
nw1th1n plate env1ronment (a) f1eld eV1dence whlch |
proscrlbes a contlnental env1ronment or (b) -an 1ndependent B
:check precludlng Fe enrlchment 1s necessary before a551gn1ng,‘
;

8

‘a CA class1f1catlon to a. su1te. Identlflcatlon of such

contlnental su1tes can be petrogenet1cally 1mportant. Theg@?bﬂ'

. ;r[“.
’hlgh Zr of the Ferrar co1nc1des w1th hlgh Rb U, Th. and @%

'fSr/f‘Sr 'wh1ch has been 1nterpreted to represent ma#tle

QA
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uheterogeneiity (Compstqn et al. 1969)‘probabty_occurring on
a hassiVelscale'at‘TGOO ﬁ‘y. (Brboks and Hart, 1978) VNd-and
:3wSm 1sot%f1c data for the Hebrldean sulte suggest that thls
'J"mantle 1sochron 'is an artlfact of crustal contamlnatlon
"f(Carter et aI ;.1978) ‘ThezTrozv-.Zr dlagram has-been'
,eextended by Pearce (1980) to.accomodate'intermediate'and

_;fels;c comp051trons.,

’fdd) The Subd1V151on of Maf1c to Intermedlate Compostlons
ou51ng Stable Elements : Y
’ v shows a common tendency to dlsplay a near constancy :
or 1ncrease in concentratlon as FeO*/MgO 1ncreases 1n a TH

:su1te (Nockolds and Allen, 1956) Th1s 15 1n contrast to the

'rdepletlon noted for CA sultes. (Nockolds and Alled 1953);
(1) V. vsf~€r and Nl/'

MlYaSher and Shldo (1975) developed a plot of v ;f
jvs. Cr for separatlng TH and CA trends, both of whlch S
'd1verge from a f1e1d of OFB compos1tlons . Ow:nggto;the7
‘Jmeagre ev1dence avallable (Fleld and Elllot 1974)"that.‘
Ji»N1 may show greater stablllty than cr under medlum grade4
‘metamorphlsm, a s1m11ar plot was produced u51ng V vs.
'Njgj_i ' o ' '
| Both d1agrams show hlgh V and hlgh Cr or Nl areas i‘
to be characterlst1c of thole11t1c comp051t10nsz ‘ |
”exclu51vely but a hlgh overlap area Qgcurs between the

Vtwo»trends Thls 15 because moderate to. low Feo

"cenpichnent‘trends dlsplay}a'v‘depletlon,;and becauSe

g y - - .
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basalt1c andesztlc'comp051t10ns >56% 510¢ w111 1n
general undergo \' depletlon. In addltlon on both plots; o
IAT showed both the strongest v enrlchment (Hakone) and
the greatest V depletlon (Gaum) Therefore, rather than_‘>”
'.a prlmary means of dlstlnctlon between TH and Ca, these"
~plots could be used to conflrm a TH trend suggested by
_ another technlque._, ’ ' '
f‘.
e) The Subd1V151on of . Maflc to Felsxc‘ComPQS1t1ons usxng

Stable Elements _ _;‘ . ,‘fd

(1) "YTC" d1agram~ . :‘; F.T“;../b' N |
| ; An 1ngen1ous plot was derlved by DaV1es et al.
;7(1979) to cla551fy maflc to fe151c comp051t10n._Y + Zr
‘Ti and Cr are used as stable trace element prox1es for
'oalkalres, Fe and’ MgO' major elemehts w1th whlch they
h respectlvely show a strong coherence. The d1agram is’
‘rftherefore analagous to an: AFM plot Dav1es et al
'_lesplayed two separate subalkalxne trends but based
‘these upon analyses of Archean metavolcanlcs. Because'*"':y
these are almost certalnly altered and of doubtful
__tectonlc env1ronment the dlagram was: redrawn us1ng
- Phanero;blc compostlons (Flg 8~ 9) |
L The logarlthmlc change of Cr w1th MgO stongly
dlcontrols the subparallel trend of both the CA and TH .
,fflelds. A hlgh overlap ex1sts for basaltlc comp051t10ns i

' “and d1vergence of the two trends occurs only for -

"1ntermed1ate compostlons. IAT show a wlde scatter. ThlS

TR
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fplot should therefore be used for a su1te show1ng a wide

,range in compos1t1on.-‘

' Because a thole11t1c trend 1s essentlally

'determlned by Fe enrlchment, a. less amblguous

e

’ 'cla551f1cat1on dlagram could be\deVeloped by the
‘1nclu51on of th1s element. Because Fe/Mg could be

“i,serlously affected by Mg moblllty and Fe/Cr was found to
dbe ‘too sen51t1ve to Fe enrlchment total Fe as FeO (1 e.

; 1Fe0*) for an anhydrous compostlon. was plotted agalnst |
'Zr/T1oz for Phanero201c subalkal1ne suites (Flgs. 8-10;

“fand 8-11)

- A range of Fe enrlchment trends is seen, from hlgh

‘”_(Skaergaard) to;fow (Ferrar) but all have a marked
?p051t1ve slope. CA trends, on the other hand 1nvar1ably -
-dlsplay negat1ve slopes and are conflned to aniFeO* poorf“*

‘fleld wh1ch excludes WPB Although derlved forhmaflc to

intermedlate comp051t10ns, the saﬁé«trénds can”be‘

observed just fot maflc rocks. Mg r1ch LKT are,confined'd

g S
to a small Zr and Fe- poor f1e1d Most LKT show_an'

'enrlchment 1n Fe and cross from the Fe poor to‘Eefrith,

flelds.'

Th1s dlagram w111 therefore dlStlﬂgUlSh all WPT but

' not all OFB from CAB However trends as well as

locat1on are 1mportant on thls plot. Although Fe may

undergo a m11d enrlchment dur1ng alterat1on<&“t is

' unllkely that a magmat1c Fe varlatlon trend would be -
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;totally obliterated;

(111) TiO; vs. Zr and Cr vs. Y dlagrams
| Pearce . (1980) produced two banary plots based on 3
Amore than. 3000 analyses whlch show the clearest L | o
f‘discrimlnatron yet avallable between within plate and
‘i arc sultes, 1nclud1ng maflc to felsic composxt1ons. yet
avallablef Very.L1ttle overlap is seen between the two
’suites~on,the TiOQ vs Zr diagram yhlch:sHOWSv
consiStently lower values of both,elements'in the arc
:suitevfor anybgivenf51051¢ontent. USing thebdata of
'Garcia.(1978),nthe field for arC‘layasecan be subdiy{ded .
into a lbw Zr region, characteristicdof'IAT'.and a field -
"lfor CAB and 1ntermed1ate to fe151c rocks._The dlagram
was- used in thlS mod1f1ed form.
| A second dlagram, used to test the ‘same
'snbd1v151on, 1s.Cr vs ¥, in effect a fractlonatlon_index
yersus a measure of depleted mantle.vY; like HREE, tends‘f
to concentrate in cllnopyroxene and garnet and showsv
'con51stently_low values in arc lavas.
“f) The Discrimination of Volcanic Rocks?nsing Relict.
';Clxnopyroxénes | o i » | .
4 i
' In metemorphosed and weathered basalts, fresh
, cllnopyroxene often~occurs as “the only remnant phase of - the
“oraglnal_rock They therefore represent a. useful
‘petrogenetlc 1nd1cator, ‘if their chemlstry can be related to

the orlglnal rock type. Such 1nformat10n helps to

i
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2

substantiate petrogenetic models based on immobile elements,

™ )

c : o ;
' ;?pyromene&.frqm‘baSaltlc rocks Using malnly the

lne normat1Ve cﬁi belng representatlve of an. alkallne

#f"g‘\ v * o . ' '

3 v ’ \ . -
(if Division into Alkaline’and Subalkaline Groups:w

‘Coombs  (1963) suggested’that normat1ve cpx

vcomposxtlons ‘would nglect the original rock chemistry,

magma .. Although this approach has proved POPUlar ’r‘ .

'(Vallance, 1974b Barron, 1976), ne- normat1ve augitey

“have been found in LKT (Nisbet and*Pearce, 1977).

- Clinopyroxene from alkallne magmas show high
proportzons of non- quadrllaeeral components. In a study

of over 800,cp!J“Schwe1tzer et al (1978) showed that

'Txoz, NazO énd hlzo* vere enrlched in- alkallne cpx anﬂ _

Cr,O, was enruched 1n cpx from tholezltes. Cao and . SlOz

showed ho systemarzc d1fference~ however this may be
& o g*’ R

betause of veStrlctlon of the samples to OFB.

.n‘
N1sbet~$nd Pearce(1977) pqoduced a dlscrlmlnant

Tw

analyszsfgf 8 Majgrlelement oxldes for groundmass

*,h.‘ 1

dlfference in’ these components, WPA were eaSlly

.

sepavat?d;frem subalkallne basalts by their h1gher Ti,

N& and éa aﬁd IOWer Si. VAB, which were not subdivided,
J_ﬁwere separated .in turn from WPT by lower Ti, Si and Al.

“OFB form a zone of overlap Essentlally the same results Rt

N

vere. obtaLned from phenocryst CPX, The WPT field was

based on- a small sample size and some pr1m1t1ve CON plet

. in the;VAB/OFB overlap field (Scoresby: Sund data.fromw

. Fawcett, et al. , 1973)} The most important.use Qf the

-



‘-_v (Barron, 1976 Nxsbet and Pearce,»1977) Quench textures- ’

',_dlagram therefore is the separat1on of WPA from other‘u

‘Amagma types. ThlS ‘can be achleved W1th 88% accuracy, and 2

v .

s

malnly depends on a funct1©n F, of less than -0 9

Comblnatlons of. Sloz,_Alzoa, and T1Oz have been

(¥

‘dused in blnary plots for separat1ng cpx from alkallne'

“1and subalkallne magmas (e 9. LeBas, 1962q Garcra,'1979)

but they do not 5ubd1v1de the subalkallne fleld

'thntermedlate comp051tlons must be av01ded when u51ng non

.fquadrllateral components because the1r depletlon causesv,f;

'1alkal1ne dlfferentlates to plot 1n subalkal1ne f1elds

fC Fe, Al and T1 1nto the pyroxene lattlce (Donaldson

1978)

A .

R

?°Such d1sequ1lmbr1um crystalllzatlon has been

(

'f‘obse?Ved 1n ch1lled zones 1n/basalt flows (Vallance _
1974b C01sh and Taylor, 1978) and notrceably where cpx

/

\,_ .

r".
1

‘(11) The Subd1v1son of Subalkallne Magmas;9"t;ldA"

. The comp051t1onal trend of cpx plotted as",

'L‘cootdlnates w1th1n the pyroxene quadrllateral haS/long

‘ﬂbeen known to reflect the alkallnlty of the magma (e g

-

Deer et al 1363) Trends establlshed for cpx from‘f -

j i

low temperatures appears to c01hc1de w1th a COteCtlc

Lf

curve, whlle those ﬁrom alkallne magmas show a greater f?,f:

A [ N B s . : r
B e AU S : . S : "5 '/
e L R ’

RN

vvmust\also be shown experlmentally to favourathe entry of

, fcrYStalllzes befori plagloclase (Rowbotham and Bev1ns,i;:f,.

) Pl

tholelatlc magmas show a strong fe e?rlchment wh;ch at rfzg



ease 1n CaO Thls CaO enr1zhment, however, 1s

ved 1n cpx from ollv1ne tholelltes whath is
1nterlayered w1th quartz thole11tes show1ng a normal i
;Fe enrlchment 1n theln)cpx (Fawcett et al 1973) The '

,pyroxene quadr1lateral 1s therefore of 11m1ted use 1n

\

-1_determ1n1ng alkallnlty 1n volcanlc rocks.ub
. Garc1a (1975 and 1978) used the pyroxene f
- ‘gquadrllateral to show that cpx phenocrysts from'

‘dlfferentlates w1th1n a CA serles have only 20%

' Ferros111te compared w1th up to 40% for TH ng_ ”’}if“gf
hdlfferentlates.kBecause cpx from CA and TH* basalts can

A\ o

“ﬂshow 1dent1ca1 compostlonal ranges, the 1ntermed1ate
"i}”:nature of altered volcanlcs show1ng such a 11m1ted range )

bh;should be checked u51ng, for example,‘the Zr/Tloz 1ndex

v‘ 4

:before they are con51dered CA

)

In concIuslon c11nopyoxene from basalts shOW1ng no

,J_quench.textures ‘may be used to determlne the alkallnlty of. atw_

e )
.‘-\ Q‘ '\. 25y

1v:su1te.‘C11nopyrogene fabm”dlffe%enﬁaétes may be usgd on the‘
‘:pyroxene quadrllateral to. subd1v1é% the subalkallne ﬁu‘bs
compostlons. | ‘  ; | bbuf f -, ; PR |
E A SUGGESTED CLASSLFICATION SCHEME FOR ALTERED VOLCANLCS
.. From the above d1scu551on,v1t can be seen that a glven'
"cla551f1catlon should be checked to ensure con51stency ‘and .
can be reflned by the use of dlagrams 1n sequence..'[\@*' L
\Flg 8 12\1llustrates a suggested 1ntegrated 3 ‘\hs‘

class1f10at1on SCheme.,Other steps can bé added and "‘ﬂf

R S SR . ) ; A‘» .'.‘_ ‘,‘0 A T AW S
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" abbve) Unllke stable element schemes, thls r'utlne’

f‘ d15t1ngu1shes between Na and K rlch ser1es >

Ty 7" - l\.: )
LB

R‘E Th and cpx studles. | _'i{r‘:y_;‘]',,

» . o
“. “(*

a) Major Elements~

LA

The Irv1ne and Baragar (1971) scheme is valld as a

prumar;ﬂ%la551f1catlon tool if l1m1ted Na and K moblllty is

. 1nd1cated by the Igngbus Spectrum diagram (Hughes 1973-

Stauffer et al y 1975) Ca stab111ty is then te?ted by thely"

CaO/Al o3 - Mgo/m - SlO /100 dlagram of P.A. Dav1s (see

rocks @Flg 8 12a) Among basaltlc composut;ons, OFB and
L .
pr1m1t1ve WPB may be dlstlngu1shed by u51ng the

T1Oz K O -P 05 dlagram of Pearce et a7 (19752@or, if CaO and//

. B
| 5102 are also stable,,a subd1v1s1on of VAB may be. galned by

- u51ng the dlscrlmlnant functlons of Pearce (1976) 5

N s

To select 1ntermed1ate samples for the Mgo FeO* Al 03

tectonlc plot of Pearce et al (1977) SlOz must be |

"5relatligﬁy stable. A rapld check may be made by comparlng ER

Ve

the con51stency of cla551f1catlon between the @10z'vs.
Zr/TlOz and Zr/T1Oz vs. Nb/Y d1agrams (W1nchester and Floyd
1977)- A smooth curve would be expected on the former plot
'1f S1Oz moblllty has been llmlted For the purposes of th1s
cla551f1catlon, thlS method 1s preferred to u51ng the more'
tlmeoconsumlng molecular ratlo plots of Strong et aI-
(1979) OO LA

| ‘ "




=
B “1

v(b) Stable Elements T | . ».\‘ . |
| Major element studles of altered rocks shouldwalways be.
1checked u51ng stable element schemes. . An 1llustrated‘vout1ne
1(Flgt~8—12b) uses n1ne commonly analysed elements (Aln P};xrd
d'Ti; Cr Fe, Nx,'Y;'Zr, Nb) L )_" d _ | | |
| The Zr/TIOz VS . Nb/Y d1agram is used as the basls for‘
}thls cla551f1cat10n and allows most alka11c dlfferentlates
_to be separated from basalts. Detalled subd1v1sron of these,'
vdlfferentlates is not p0551ble but: by u51ng a threshold of
Zr/Tloz > 0, 017 mugearltes to trachytes can be separated

us1ng nomenclature con51stent w1th Irv1ne and Baragar (1971)

(see above) L ' ”,gff' RN

If orlglnal textures are wtillf%emnant in the focks,

‘those with an estimated colou vhxrof >35 would be

'hawallte rather than basalt Fo subalkallng su1tes, a

‘threshold value of 30'%9uld be-_er separate

'dbasaltlc ande51tesxfrom basa‘tst Thls would aga1n.ach1eVe an
;approxlmate consnstency w1’, the termlnology of Itv1ne and .
' Baragar (1971) ' o
| Basalt1c rocks separa-ed by the above routlne can be‘
pchecked for con51stency u51‘: the Nb/Y vs. Zr/P 05 plot
:(Floyd and W1nchester 1975) This w1ll also allow def1n1te
ine sormatlve cOmposftlons to be separated Usage of theip. :
»T1 Z2r-Y plot (Pearce and Cann 1973) w1ll conf1rm¥the ?
trseparatlon of’ deflnlte WPB from those Wthh are 51m11ar to

OFB.
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Subd1v151on "of . subalkallne basélts uses T1/Cr vs. N1'
| (Beccaluva g_ al. ,.1979) T1\vs.,2r (quc1a, 1978) and FeO*

Zr/TlOz 'to separate respectlvely OFB most IAT, CAB and '

WPT w1th crustal contamlnatlon.
FeO* vs. Zr/TlOz is also used to conf1rm Mg r1ch IAT
0 : £y

and along w1th the YTC dlagram to separate dlfferentlated

"-,subalkallne su1tes into ‘TH or CA types.

. 14
o o , -

- F. CONCLUSIONS

A review of cla551f1cat10n dlagrams for altered

'% volcanlcs u51ng stable elements suggests that‘ILe alkal1c,

o

,thole11t1c¢ calf alkaLrne cla551f1catlons can be made e

'1dence. 4n add} 1on preservatlon of

%" 4- y i ‘

enrlchment trends of certaln st& le elements, and h1gh

w1th some

contents of the somewhat less stabhc~elements F and al, can"

be 1nd1cat1ve of thole11t1c aqg.calc—alkailne Su&tes
h&

.subd1v1ded further to give. tectonlcally useful 1nformat1on.

. respectlvely. The three ma]or magmatlc groups can?b‘

Any d1v151on of basalts 1nto thole11t1c and alkallc
"must 1nclude a f1n1te areavof overlap caused by ol- hy
normatlve melts caused at low and 1ntermed1ate pressure.vA
‘comprehen51ve 1ntegrated scheme based on nine. re}atlvely
stable elements (Al P, T1, Cr, Fe,‘Nl,'Y, Zr, Nb) can be -
kuSed to 1dent1fy def1n1te ne- normat1Ve basalts, def1n1te,jfd
,WPE, basaltlc komatllte, Mgo—r1ch IAT, normal CAB and WPT
\»contamlnated w1tb cont1nenta1 crust. Mgo-rlch magmas formed
S durlng the profound r1ft1ng‘?f a contlnental crust aré ‘
o . S ‘ ‘ L

"0

S

~
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"1ndlst1ngulshable for OFB thus f1eld ev1dence of ens1a11c

‘env1ronment produc1ng such a magma’ may represent an 1n1t1a1

T

stage of ocean development f’j‘ R f o T
Intermedlate alkal1c compost1ons cannot be subd1v1ded

wrth the same success,u

1y

partly ow1ng to the 1mprec1se"
‘deflnltlons exlstlng 1n the l1terature.
An FeO* d1scr1m1nat1on vs. ZrJTloz dlagram has been B

developed whlch shows - clearer separatlon between 7;

vthOlellth and calc alkallne su1tes than 1n exlstlng;g&ot;]p“

o= ":

It is also used in the above scheme to recognlse
‘contamlnated WPT Th1slﬁs 1mportant 1n env1ronment'

,old cont1nental marg&ns&where ba51n7' ar ge and

'compre551ve margln env1ronments h. l,confused ThlS

.,Zr and Cr'vs. Y
{ ’ - .

Jplots of Pearce (1980)

‘dlagram can be supplemented by tt$’
' le Ly any d1v151on of basalts 1nto thole11t1c and

falkallc must 1nclude a flnlte area of overlap caused by

fol hy normatlve melts produced at lowsand 1nil.npd1ate .
: pressures. The low pressure thermal d1v1de 1su$herefore the;7f

'konly meanlngful boundary on such d1agra@$.,
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-,i;,. . B rx IPNEOUS MINERALOGY o '"%

S //( Comp051t1onal ranges of remnant plagloclases were
Tﬁlncluded in the petrographzc descrlptlons (Ch. 4y andff;'

vnot 1ncluded here. Iimenlte magnet1te 1ntergrowths, 1n;thej,_

‘?lavas, are largely altered and therefore could gbve no
“1!5‘"

1nformatlon on geothermometry Whereofresh these ;Y
3'_1ntergrowths appear in the dlabases and therefore yleld

sub-solldus reequ111brat10n temperatures. Ox1des were
wtftherefore not analyzed The only remnant 1gneous maneral of
Q‘ipetrogenetlc 51gn1f1cance¢15 cllnopyroxene (see Ch 8) qu,
'.4c11nopyroxenes from each sulte are descrlbed beiow- the' ’

flfty seven electron m1croprobe a“aIYSes arfff*# _

;_Appendlmégi “".f", :_ L e

v

g

'A CLINOPYROXENES o T e T e

TWO grOUPS'Of pYrsgenes are descrlbed whlch show' A

-‘contrastlng cgmp051t10ns' those from the tran51tlonal basalt
. A S

| and dlabase su1tes (yADM UIG1M UIGZM and~UIGDM ,see Ch

i ,10) and from the Pearson Formatlon (PEM)

5 o o . __;; I i 'i,_iwgg_
ot : : : SN . TR g
fa)ﬂMajor’Elements TR S . B R
In terms of "quadrllateral".EQmp%pents, all
tcllnopyroxenes are augltlc rather than sa11t1c (F1g 9 1)
‘Within the f1rst group, an‘1ncrease im Wo component appears ;i
:to be related:- to the temperature of crystalllzatlon- the b%
daabase 51lls (UIGDM) plot;close to the thole11t1c solvus\n

'Llntersectlon dykes and flows show somewhat hxgher quyand
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- ,

quench textured pyroxenes from all un1ts y1eld hlgh Wo

contents, typlcal of cllnopyroxenes from alka11 basalts. '"The

',mo contents are hlgh for thole11t1c pyroxenes, UIGDM shows
"an Fe enrlchment trend and only a ueak alkallc trend (1 e..
| ,of constant WO) is developed 1n UIGDM Th1s 1s 1h%kgqgﬂhg
‘nw1th augltes from translt1onal magmas. On the other hand
¢r‘the PEM unlt d1sp1ays a contrastlng subalkallne quench trend

,"_.

f w1th hypersthene SOlldLSOluthﬂ (ng 9 1d)

L ; _ v-‘f;’", K

o b) mncu' :ylemﬁt;s %
‘ ‘:A/‘Lﬁ-.u . o a(ﬂ R
,af%,_.; g

¢

The apparent hlgh Wo 1n the tran51tlonal pyroxenes 1s,

"U.tr‘J

caused by the substltutlon of non- quadrnlateral componenbg s

rel Q,for Mg and Fe in the M1051te,4and it has been obseryed

o, )

- elsewhefe that theSe components can be enhanced by chllllng,"

m(Ch. 8). However, the orde,y""rrystalllzatlon also has a

K notable effect on - the cqnc;w,;atlon of non quadrllateral

,'components, partlcularly w1th regard to. Tr and this may. 1n
:turn depend upon coollng rate. The pyroxenes from the
tran51t1onal magmas are all dlStlnCtlY t:tan1ferous (0 7 to

KT
"9% TlOz f but in the dlabases T1 markedly decllnes as Fe .

-

—1ncreases, wﬁereas 1n the lavas T 1s p051t1vely correlated

“, w1th Fe. Thls latter trend aIso characterlzes the T1 poor
(<0 6% TlOb) pyroxengs (Fig. 9 2) Furthermore, despite the

3-/}low contents of hlgﬂgiheld-strength elements (HFSE) in the

f\ UIG2M magma, 1ts pyroxénes have hlgher]YO and T1 dbntents

)»\.

than those‘of jIG1M UIGZM 1s an entlrely p1llowed sequence
aand 1ts vert1c 1 trend shown on Flg 9 -2b suggests T1
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enrlchment caused by rapld coollng The lavas all dlsplay

crystalllzatlon of clrnopyroxene before the 0x1de phase. In .

the dlabases, crystalllzatlon of Fe~T1 oxldes, durzng .
cont1nuous growth of cllnopyroxene,.reduced the local supply
Ii'of T1 catlons. | » ,-.‘ | ..
| fhe structural formulae were calculated w1th total Fe
‘as ferrous, but plots of charge def1C1ency (Na+Al(IV)) VS
charge excess (NﬁﬂVﬁ)ﬁ2m1+Cr) give a p051t1ve dev1atlonxfrom'
11near1ty 1n the casg qé the tran51t1ona1 su1tes. ThlS =

’ "‘m
~wmum of only 5 sto 10% of Fe ‘can be

1nd1cates'that a g

_ e _

. ferngc@eThe commoneét cdﬁgled,subst1tutlon observed 1n
o 15@ :
pyroxenes from contlngntal basalts and MORBs are Fe"

—Al(IV) and T1(IV) (IV) (Paplke, 1980) The Al(IV /Tl-v

ratlo of 3 for the UqLon Island Group suggests that both of
RN Eal :
these exchanges occurred slmultaneously ‘The. PEM su1te has,

'

Al(IV)/Tl = 6 and.a negllglble ferrlc 1ron content,gw

therefore the abové ;gchanges are not S1gn1f1cant More
relevant is Al(VI) Al(IV)*wh1ch 1s alés the commonest

coupledﬂbxchange 1n ‘arc pyroxenes (Paplke, 1984) Thus the
. - a

pyroxenes of the’ PEM 5u1te reflect the arc- l1ke chem1stry of
k\: the whole rocks (see ‘Ch., }Q). SO A - l |
| A .

’ c) Tecton1c Envx“yﬂknt i L _ ‘¢

The tectonlc'env1ronment in which. the pyroxenes have
crystalllzed largely controls thelr relatlve contents of Ti,

S Ca, Al and Na (lebet and Pearce, 1977) Because the order

o,

-
1 'V,,,

~of- crystalllzatlon can have an effect on the

e . e NN 3 . . L o e

c .
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non-quidrllateral components, Leterrler et al . (1982)

-«

f:.suggested the use of phenocrysts rathercthan the groundmass
i phases. However, thelr data (Leterrler et al , 1982 Flgs
;fiand 2) 1nd1cate no szgnlflcant d1fference between the two

';Tgroups. The lebet and - Pearce dlagram 1s ‘most eff1c1ent 1n

dlscrlmlnatlng alkaﬁlc ﬁrom'%ubalkal1c enV1ronments and WPT

e

The tran51tlona1 su1tes plot in the thhln plate fleld '

Iclose to the boundary w1th alkal1c basalts (F1g 9—3). This
'-1s an acceptable locatlon for tran51t10nal basalt but in*
flsolatlon the data suggest several. tectonlc p0551b111t1es.
" The trace elements of the PEM lavas 1nd1cate a magma type

151m11ar to both WPT and IAT (see Ch 10) but the pyroxenes

. \

E clearly suggest a’ volcanlc arc env1ronment. Some overlap
mbeﬁween the two flelds does occur in this plot (Flg 9- 3)
and, the WPT fleld was based onm. a small populatlon of. twenty

'Slx samples. However, the T1+Cr vs. Ca. plot of Leterrlenz

]

/

' et al (1982) also favors an orogenlc env1ronment although,

the d;scrlmlnatlon is less clear.

. /\ ) A . ) . N ‘ . ,_\' » . .



_fvarlatlon ranges from normal 1gneous ratgﬁs to complete -

.J'. ) . 'M‘ B : ‘_ ) T : o - ‘ LN
) : _ : . o
"X, GEOCHEMISTRY AND PETROGENESIS ’ ‘
Each ‘of - the 1gneous formatlons are c1a551f1ed accomdlng

to the major and trace element scheme descrzb;ﬂ dbove (Ch

'8). The petrogenesls of each format1on 1s then dlSCUSSEd

'A BASIS FOR THE MAJOR ELEMENT CLASSIFICATION

*¢ . °. ‘
Because metasomatlc alteratron dnotably of " alkalles and

CaO w111 strongly affect the" major element cla551f1catlon

- all rocks were tested u51ng the alteratlon screens of Hughes
'(1973) and P n Dav1s (pers. comm., 1979) F1ne gra1ned and

. o'y A
orlg1nally glass textured rocks showed thé greatest

', .

_ com 051t10na1 varlatlon\ The plllowed su1tes w1th

LTS

ser1c1tlzed plagxoclase dlsplayed extenszve equxmolal ”

replacement of Na by K on Hughes s “1gneous spectru
replacement w1th1n one outcrop CaO is 1nvar1ably low (Flg 4
10- 1) no doubt hav1ng contrlbuted to the predomlnant

carbonate ve1n1ng and matrlces of the tuffs. Twenty five

percent of all samples were classxf1ed as "unaltered" (10 to

50% of each su1te) Norms were calculated and based on an

3
' Lo

oxzdatlon ratlo of 24, i.e,
‘(100{FezOS)/(Fego3+Feoxf$\g4 N fﬁ

v

9

‘Thls is a _mean value for a suite of tran51tlona1 basalts

from the ‘Red Sea (Gass et al. , 1973) whlch 11es near to.: the

observed med1an value of- the mean OX1datlon ratlo for most
| EE - A |
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L]

trans1t1ona1 basalt sultes Th1s value 1s also close to the -
mean for olxu1ne dlabase (1 e.»22 Manson, 1967) whlch 1s
ot 11kely to. be affected by surface oxidatlon; Tran51tlonal
basalts are common in contlnental rlfts and were choseneas “

the standard because both alkallne and thole11t1c lavas

;

occur 1n the East Arm. The norms calﬁulated on th1s ba51s
L agree well with the normatlve class1f1catlon obtalned from

\\\ Cox et al 's (1979) subd1v151on-of the alkalles vs. 8103

S\

dlagram (Flg 10 2) The average comp051t10n of each of . the

‘_ rock types are glven 1n Table 10 1..- :,-v}- o /{

©

‘B. BASIS FOR THE TRACE ELEMENT cmssrmcm:ou : [

Magmatlc and tecton1c c1a551f1catmons were based on the

A prev1ously deScrlbed routlne (Ch 8)‘ﬁs1ng some transltlonal

L. Lo

elements but malnly the 1ncompat1ble mlnor ‘and’ traﬁ

’

elements or h1gh f1eld strength elements (HFSE)
\

specrflcally Nb,. P, 2r, T1 and Y. The large ion. lltho hlld

- elements*(LILE) are of secondary 1mportance becausgv unﬂlké

j the HFSE they are mob111zed in most geologlcally 1mpqntant

aqueous flu1ds. The class1f1cat1on results are prlnted 1n

\

Tabl 10 2. e

/ - . . . . . . i

The partltlon coeffic1ents of the HFSE 1n

!

petr log1cally relevant m1nerals are all less than one, but
show~reai d1f ences,\and dlsplay a varlatlon from very low o

(e g. Nb) to relat1vely\h1gh (e g Y) This behaV1or

Coay L
S

approx1mately follows an. order of 1ncrea51ng charge denslty

5(Saunders g;.al. , 1980) ., Ratlos such as Nb/Zr and. Nb/Y a%e
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therefore analogous to ratlos reflectxng LREE compared to

~® . MREE (e, g. La/Sm) and to ﬁREE (e. g. Ce/Yb) whlch both

£

_ 1ncrease w1th 1ncrea51ng alkalinaty of basalt As with BEE fm
dlscrete dxfferences in small part1tlon coeff1c1ents between
HFSE Wlll be. reflected in the relatxve fractionat1on of-

these elements when the melt to crystal ratio is low._’

, Therefore in alkallc melts, the HFSE element with the. lowest
partition coeff1C1ent w1ll be relat1ve strongly concentrated
in the melt. In general there is an. incrggsezﬁn/the rat1o
of relat1ve1y hlgh to relat1vely low field strength HFSE as
‘one passes through the sequence of basalts- VAB MORB WPT )

and alkallne.

N I ’ . ) ' s
P L L .

; ?G;'," - -

. . 4 ’ - R

cg MEASUREMENT oF BE EXTENT OF LOW—PRESSURE FRACTIONATION

1,

} : Seml-quantltatlve measurements were madé: of the amount N
ofilow pressuge fractlonaJ crystall1zatlon né%ded to expraln'.i
t‘the observed elemental varzatlons. Varlatlon the f j l .
qua31 1ncompat1ble\dFSE were used to. estlmate overall |

v

fractlonatlon, whereas key compat1ble elements were used. to_

calculate the contrfbutloneof a partlcular phase, i.el
ollv1ne has a h1gh partltlon coeff1c1ent (Kd) for N1
i?b c11nopyroxene has high- Kd's for Se’ and Cx,'and

o magnetlte-llmen1te has “high KQ' s for v, /f .gi n "
. ,Partltlon coeff1c1ents for the HFSE were’taken fromy-J

wstudﬁes and composzt1onal d1fferénces between exper1menta1

vV\.‘\_ o

‘nf"“ l Cowee L Lo . . o i

@l

Wt ’ 3
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" melts and natural systems can impobe lxmitfﬂan tho T

suitabillty of the measured Kd s. Also, purtxtlon'

=

‘coeff1c1ents may vary accondzng to press temperatdre and'

 kipetié diseqmllbhum (Almgre et al. 1977) The Kd's of

";&ffsome elements may varx considerably because off%hese factore

and some assumptlons hed to be made. A Kd of: 10 for Nz 1n
‘OIIVIDE was used. Thls is valzd for a maflc melt w1th 10%
Mgo (comparable to the most pr1m1t1ve 1avas sampled) and 13\_,
the best value at about 10kb pressure (Elthon and R1dley, k.y

1979) A pressure of 10Kb 15 a reasonable estzmate for the

‘_m1n1mum pressure ‘at which ollvxne fractlonataon begfhs below

. .

'“’fractlonatlon.-The valuenghosen are from n tural\ﬁasalts'

’,Kd for Cr in cpx 10 (S7h et a] , 1979) an ‘a Kd fory C;/1n
A

. vectors to be modelled on b1nary plots, each plot depmctzng

o T
a 30 km thlck crust A Kd value of 10 may therefone :

ﬂoverestlmate 011V1ne fratt1onat;7n when used for 1ess

magnesian. lavas havzng higher Kd's for N1 in. 011V1ne.’

Puﬁlxshed values of Kd for dr in cllnopyroxene vary 3*j::
awldely from 1 7 (IrV1ne, 1978) td 15 (Allegri,et al 1977)
and values of Kd for Cr in. magnetzte are even. more extreme. :

a value of >100 (Irv1ng, 1978) allowed for o c11nopyroxene

o

1lmen1te/maghet1te-10 llegre et a}. ," 1 77)t§‘urthjermore,

“‘;;(Shervals, 1982) This latter vaﬁue ’as used for mo ell1ng

| 'oxlde fractlonatgén. ?fomf}f'._v ; ,””’ . '?; : [ V'"

' . \'.;"

The above cholce of KdYs allowed Raylelgh fracngnatlon,‘

i



E'ws; T1 plot of Pearce and Flower 61977) was used to. eselmate..Vth

Y

-

.,,i T only one phase of petrolog1cal 1nterest. The Al O;/TlOz'“

plagloclase fractlonatlon,.Nl vs. Cr»for 011v1ne and
cllnopyroxene fractlonatlon, and V vs. Sc for E fh&;V”u
1lmen1te magnetlte and cllnopyroxené“fractlonat1on.
Confldence 1n the ch01ce of Kd ‘5. was establ1shed by ‘
agreement between these plots, alowg w1th conf1rmat1on of
the total fractlonatlon u51ng HFSE plots (see Flgs.,10 3 to
10-13) Vlsual estlmates of the degree of fractlonatlon can
be obtalned from releVant Raylelgh fractlonat1on vectors‘
whlch are glven dn each of these plots. Values for the
calculated amounts of low pressure fractlonatlon in each :

su1te are glven in Table 10 3

| Blnary logar1thm1c plots of the HFSE e, g Nb vs. Y or

o Nb vs.er w1ll show stralght llne, sub-parallel trends

N

”-becween basaltlc su1tes Wthh have undergone low pressure

)second case, &the basaltlc products would show a systematlc;w}

‘ fractlonatlon but whlch\are unconnected by 1t Therefore

f‘sultes w1th notably dlfferent Nb/Y or Nb/Zr 1nd1cate

part1al meltlng of dlfferent source materlals, or:-_

progre551ve partlal meltlng of the .Same source. In the

RS g, f
( P

decrease in HFSE concentratlons.

U51ng thlS loglc, the flow packages at any volcanlc

<

centre could be subd1v1ded 1nto separate, consangu1nous
sultes. Also, the degree and type of . fractlonal

'
crystalllzatlon could be calculated u51ng HFSE and

g ‘elements, where each elemen%\has 51gn1f1cantly hlgh Kd_.f



\bajch part1al meltlng vectors for relevant mantle materxals
W
afe\not shOWn on Flgs. 10 3 to 10 13 qualltatlve estlmates

\\\\ ')

R, ere. made of the types of mantle matesgals needed to expla1nf%;
the dlfferences in HFSE contents between the varlous S

basaltlc sultes. n"-';V;:V" ‘f'fcivagk d\»fb‘ :
‘ : ) t'. - ‘ ‘ / o

 D. WILSON ISLAND GROUP .~ ° B R R

i
~.

a) WIGM and WIGF T \\;;__

The remnant u'altered maflc to 1ntermed1ate samples‘l.,

F

from WIGM are g- hy normat1ve and fall close to the one
atmosphere equ111br1um cotectlc for ollv1ne, cllnopyroxene
j_ and plagloclase 1n the natural tholellte System/gzlggx/and//'j'

/ Co
Bell (1972) One ol hy normatlve poss1bly cumulate, sample

8

falls in the ollv1ne fleld On an alkal;es vs. SlOz Pplot. -

(F1g 10 2) the maflc and fe151c (WIGF) su1tes shdw a

I

blmodal d1str1butlon w1th two 1ntermed1ate thole11t1c

and351tes. B1moda11ty and 11m1ted S102 moblllty 1s conflrmed

'

\by blmodal Zr/T1Oz values and a small varlance 1n 5102 (Flg

‘\

10 3a and b) The trend 1n Flg 10 2 suggests alka11 r1ch
tholelltes because they straddle the boundary wlth
tran51t£pnal basalts/( Coombs trend" of Mlyashlro, 1978)

The\least altered WIGM sa%ples average 2. 2% K20 Whlch
e

’ 'closely compares w1th 2 1% for the whole group, thus the
hlgh\h o) value 1s close to the orlglnal S "f@
Gt i

|
|

R’ B



) | The Nb/Y ratlo (F1g 10 3a and b) establ1shes the su1teﬁ%:‘

;hw: as alkallc, as does the hlgh ZF/Nb value ( 15) The;g o
cla551f1catlon plots 1nvolv1ng Zr/P 0,~(Flg 10 3c and d) do
not strlctly apply to 1ntermed1ate rocks but the | \‘
fractlonatlon trend of 1ncrea51ng Zr/P Os does not affect u'tﬁl;

j the1r subalkallne and trans1t10nal cla551f1cat10n. The ‘v' L
p0551ble tran51tlonal cla551f1catlon on Tloz»vs.'Zr/P Os_;:is‘
(Flg 10 3d) is artlflcally enhanced by cumulate ox1des rn

"; some of the coarser textured samples (1nd1cated by h1gh Tlo,

Us1ng HFSE the tectonzc cla551f1catlon 1s clearly :

VW1th1n plate (Flg. 10 3f and g) but the Tlo,‘contents are .

lower than average for WPT The resultlng low T1/Y ratlos
: 'cause an. 1ncongruou5 plate marg1n basalt cla951f1cat10n on;’Lﬁ”"

the Zr/Y vs. Tm/Y plot (Fxg. 10 3e) However‘ thlS d1agram e
LNy T : s
(from Pearce and Gale, 1977) 1s based on a more 11m1ted data._~'

R

set for WPB whlch omzts the more pr1m1t1ve (1 e. T10z poor)
: cont1nenta1 thole11tes.20w1ng to- thls def1c1ency,_;he
vdlagram ‘has not been u5ed Desplte problems concern1ng
enrlchment of LREE durlng metamorphlsm,,(La/Ce) shows only a
l'ml’ed varlatlon of 1 to 1 4 and the mean LREE o

eane-tratlons (La —160 Ce‘—131) are characterlstlc of WPT

The féw\magor element analyses avallable support aplf

,;"contlnental env1ronment The least altered comp051t10ns form |
o
-a tlghtly clustered fleld on the K O T1Oz P :05. plot (Pearce
S ,

. _—__—s-_—-——_—_—__-.

S 'If WIGM was cons1dered of plate margln type, they-would. e
subsequently classify as borderllne IAT to MORB;or‘primitive-
WPT u51ng T101 VS, Cr and T1/Cr vs N1. : Lo -

™



"‘-.."'trends on the HFSE b1nary plohs a d:dylay constant Zr/Nb

f‘,Tmaflc and £e151c‘501tes (WIGM aﬁd'w‘:‘) form ContiAPOUS‘;;lf,‘“

"(F1g 10 3h) Thls st:ong;y suggests that thé Wllson %sland

L

v"fGroup 1s derlved from a sxngle bateh offmagma desplte«the

‘H;hcrystalllzatlon ;n the abSence of fractlonatlng ollv1ne.f,;

".fof the thole11t1c melt was bufferedbe COtECtlc pl ch“

*;18102'would have rapldly 1ncreased when 0x1des began to

Eoy M

‘ 5icrystallize (cf Thlngmull, Carm1chael 1964) whlch WOuld
‘llkewgge cause a- rap1d aepletlon 1n TlOz (F1g. 10 3f) Sugh i

rap1d changes are 1nd1cated 1n thole11t1c ande51te v"'.hf(“:}17
'comp051t10ns at e maflc 1ndex greater than 77 ,although
there are few sample p01nts (F1g.,10 4) Non 1gneous_ 7- f "7/&’

“fﬁcomp051t10ns p0551bly cumulates, are’ 1llustrated by the' /ﬁf

"-.vhlgh Tloz and CaO at. M, 1. =70, :



jf,iGranoe, Elston and Bornhorst 1979

1(F19.L10 3h) and rap1d N1 depletlon 1nd1cates llmlted'\ 3i;jng°J’

- \: ST e e e
"Mollv1ne fractlonatlon (Fxg.plO 3k) B :,f7*_:ﬂ f-“-,,:~w
U : 'fff?'“X*i’f*fjJ i ft@éj.pti:ifgt__“ -

C) C°mparlson and Petrdgene’s’xs

Contlnental blmodal su1tes Wthh contaln a rhyollte,-

N

,rather than a trachyte un1t have a. maflc or maflc to

t“

:“i¢1ndlcates a‘clearly dlfferent or1g1n from WIG"uand WIGF"'f‘d o

Vlntermedlate component whzch 1s tran51t10nal 1n comp051’1on;5[;

R

T;d(e g. Hebrldes, Becklnsele et a] 1978 Mlocene of Rlo‘V

m

for_tran51tlonal to e

Eialkallne, (e g. Lebombo,pBurke and Dewey,:1973) durlng
'hperlods of flexure. If major rlft development took place;x
bthe assoc1ated fe151c voicanics can be over 25% of the"v”
.i;sequence and the maf1c component is dominantly hlgh-'or
'low -K, O ollv1ne thole11te to tran51t10nal basalt wlth a:
”tmlnor tholelltlc ande51te component (e g Keweenawan, ‘;
~h~Green, 1977 and Wallace? 1981° and the post rlft lavas of
the Rlo Grande, Elston and Bornhorst 1979) A hlgh degree
- of part1al meltlng can produce rhyolltes whlch are clearly
‘ﬁ:.unrelated to the basahts and are probably thefresult of

ot e

-

@,



»#- ;gbe needed to produce the rhyollte;component a thxcker more

7Ja£ic component of the group 15 p°5tulated to eXISt

8 unexposed xﬂffvpiﬂ:fq'fg'f~ f,f‘y*:ﬂ"Tﬁysf,jhl-p -

»~

,ff(See Ch 2) however, both'suites show s1m11ar La and Ce
wfdenrlchment. The Iplutak Enrmatlon 1s otherw1se 51m11ar to.

e\;MORB and reflects extensyve crustal rxfting (Easton, 1981)

‘?fiktt The orlglnal extent of the Wllson Island Group is not_,_

'''''

t*;t;known, but 1ts thlckness, thole11t1c comp051tlon abundant
u;rhyollte r1ft enV1ronment probable mantle provenance (see’_
”;;hCh 6) and. comparlson w1th the above sultes all suggest |
vhmantle derlvatlon w1th h1gh degrees (> 20%) of partlal ‘
fmeltlngaof the source. However,*llmlted crustal exten51on,
as 1nd1cated by the contemporaneon fluv1al sedlmentatlon,
may have produced exten51ve fractlonatlon in crustal magma
v‘.chambers and extru51on of only the fractlonated 1ntermed1ate
'{and fe151c components..x,rd"' |
| At a glven maflc ‘index, WIGM has szmllbr HFSE to, but
higher K20 and SlOz than, Icelandlc tholelltes (Wood 1978)

¢ ,,and is even more enrlched in. HFSE than the tran51tlonal

A

[l

WIGM has far hlgher HFSE and LILE than the p0551b1y ;Qi

tfdcontemporaneous blmodal Iprutak su1te of the WOpmay orogen -
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~basalts of the Hebrﬁdes (Morrxson et al , 1980) and the
Quaternary lavas of the Gregory R1ft (Norry et al 1_1980)5
The latter two su1tes are thought to be derlved from a

V

depleted mantle source. Although thesepr

su;tes.are
Yyer HFSE

gﬂrbly was
.meltlng These
»comparlsons, plus the chondrltle Zr/Nb rat1o of 14 (51m11ar
to C3 of Pearce and Norry,v1979) 1nd1cate an undepleted
| mantle source for WIGM. ,»n ,

The highly alkallne UWIGM. basalts have strlklnglyl"

different Zr/Nb values from those of the WIGM su1te (Flg

>}10 3h) and are clearly -unrelated by fract1onal
\

'h‘crystall1zat10n. They belong to-a- later event of

‘vhlgh -pressure, l1m1ted partial - melt1ng close to the

‘Mgperldotlte Shl1dus

/

The Blachford Lake complex has been descrlbed by

E. ALKALL GABBRO INTRUSIoNS ':> L
,?Dav1dson (1978) and Badham (1979b) and con51sts of ollvlne N
‘ gabbro and norlte to leucodlorlte cut by late . syenlte and |

'domlnant rlebecklte granlte. The north Slmpson Island dykeA

flcon51sts of dlfferentlated d10r1te to syenite (Burwash and _
| Cavell 1978; Badham, 1979b) The analyses glven by these' o
Lauthors 1nd1cate an average pota551c alkali basalt to B
trachybasalt comp051t10n for the/d/ke Irv1ne and Baragar
1971 cla551f1cat10n) ‘and" the average :Nb and s concentratlonstlfx

v ‘
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(140141 and 98+23) arexby.far the‘highest observed in the
East Arm.._ | ‘ \: | h
In the~development pf‘continental‘ritts‘on thick crust,

" where o profound crustal ‘thinning ot‘crustal separation

takes place, minor alka11 basalt and abundant, consangu1nous

peralkallne to alkal1ne trachyte and rhyolite magmatlsm'

' (
follows updoming and precedes graben development e.g. Oslo
 (Segalstad, 1978), N. Kenya (Baker et al. , 1978) and.

Ethlopia (Meyer et al. , 1975) ..

F MID APHEBIAN DIABASE (MADM) AND THE UNION ISLAND GROUP

(UIGIM, UIG2M AND UIGDM) IR \

These appear to be a group-of tran51t10nal, ma1nly

ol hy normatlve magmas of maf1c comp051t10n The 1ntru51ve'

units, show 11m1ted Na K exchange and SlOz mob111ty (F1g
- 10-5b) and errat1c high TlOz values on. maflc 1ndex plots

fl(Flg.-10—6),4The.hlgh TiO, values.are caused,by cumulate.f.

oxides ard produce a false alkaline rather than transitional

. ,elassfficatiOn'on a'Tioz‘vs. Zr/PzOS;plot (Fig. 10-5d).

Tectonic'classifications are all of within—plate‘type (Fig. -

10-5e,f and g).

a) mapMy = \
The least altered samples are ol hy normatlve basalts
(K,0=1. 15+0 38%) whlch cla551fy as tran51t10nal (alkalles

SlOz, Fig, -10-2) and plot on- the normative ol- plag one "

'Aatmosphere natural cotectlc of Cox and. Bell (1972) Stable’w

'o\
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_tratg_element classifications are transitional (Fig. 10-5a,c
~and d)._? and Zr variation-giveswa calculated total of 30%

a}ow:pressure fractionation of ol+pl+cpx.

b) uxcm | SR
_ . . .
‘The ol= hy to q- hy normat1Ve composxt1ons of. the |
least- altered lavas are no doubt affected by mob1le 5102 and .
are of llmlted use because only one sample is. d1op51de «
_ normatlve. Although Nb/Y 1nd1cate5‘an alkallne
cla551f1cat10n,_the hzgh Zr content g1ves tran51tlonal to
ssubalkal1ne values of. Zr/ons (Flg. JO-Sa,c.and d). Remnant’_a
't pyroxenes 1nd1cate a tran51t10nal to'alkaline nature (see
-“above) therefore the su1te is best: v1ewed as transxtlonal
| S Maflc 1ndex¢plots show that UIG1M has higher Y, Zr and |
Nb, at all M.I. values, than any of the other,eultes in thlS
.group of tran51tlonal magmas (F1g. 10-6). Thls argues - .
~aga1nst a genetlc‘connectlon‘between the suites. The slight"
»decrease of Cr. w1th 1ncrea51ng maflc 1ndex suggests that the
dM.I ,values may be or1g1nal and thus the most Fe-rich lavas‘
are hawa11tes. C l
Trace elements 1nd1cate ol'pl.to cpx pl cotectic

ﬂcrystall1zatlon of 60% Thls is closely comparable to the'

vdegree of low pressure fract1onatlon needed to produce

",hawallte comp051t1ons from Afar transitional basalts (301na

mand Erta Ale- szouand_ggbal.'; 1980).
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¢) uiGzM L,

The least altered samples are ne to q normat1ve,
subalkalxne on ah alkalies vs. SiO; plot, and have the
lowest. K O of the‘Unlon I1sland Group (0.8520. 24%) HFSE
values are notably lower than for other groups, and
class1f1catxons range from subalkaline to tran51t1onal The .

: subalkallne c13551f1catlons are the result of low Nb.
}_‘Because the Nb varies rapldly ‘at constant 2r (Fig. 10- 5c)d'a
_tdetect1on limit problem in the XRF analy51s may have been
inyolved. A break in the curve occurs at ‘Nb= 4 ppm. If th1s‘
‘is used as a minimum detection 11m1t, the subalkal1ne‘
\class1f1cat10ns become tibn51t10nal whlch accords with the
cl1nopyroxene cla551f1cat10n. *ectonlcally, UIG2M is a
:w1th1n plate basaltebut shows notably low Y for such anv
. envzronment (Fig.- 10- 5g9) . Thus’ HFSE ratios suggest that the
un1t is tran51tlonal but HFSE concentratlons are unusually
low,,”‘ - |
| Accordlng:to the variation ih:the stable elements,'only

15%_crystal;fractionation (mainly orhol—pl)ghas taken'place,
_ although-hlgh and constant'values\of Cr ahd Ni occur over a
very large variation ih mafic indek‘(Fig; 10r6) ThlS can
'only be explalned by Mg loss or Fe- ga1n (total Fe as Feo
exceeds 19%) The llmlted fractlonatlon, high Cr\and Ni, and .
low HFSE 1nd1cate a more pr1m1t1ve magma than’ the others in
thlS group of tran51t10nal magmas, ‘but the dlStlnCt Ti, 2r

and Nb" intercorrelations (Fig. 10-5f,1i and j) imply partial

melting of a.separate‘mahtlevsource; the varied 2r/Nb ratios
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ind1cet1ng heterogenelty. This problem is referred to later

«in/thzs chapter. Slopes of the UIGZM trends on these plots

suggest that ir had a higher part1txon coc£f1c1ent than

'other,HFSE.during partial‘melting; this is<not.readily :

explained by‘any combination of‘reasonable mantle materials. |,

d) UIGDM

These dipbase s1lls range in composxt1on from. ol hy

'basalt to minor g-hy, thole11t1c ande51te in the coarse- upper

1evels. Alkalzes vs. SlOz and’ HFSE 1nd1cate a tran51tlona1

'comp051taon The average K30 of the least altered samples

(1.02£0.36%) is s1m11ar to that for UIG1M In;additxon,\'
UIGDM covers the same range 1n mafic’ 1ndexvand its HFSE
var1at1on is also explalned by 60% crystal fractlonatxon.e

The con51stent1y lower HFSE values for UIGDM could be .

lexplalned by a mlxture of average UIG1M plus plag1oclase,'."

except that P concentratlons are hlgher 1n‘UIGDM and apat1te )

\ _
"~ is not_a cumulus phase. The source magmas are therefore _

51m1lar but not cogenetlc

&

e) Compar1son and Petrogene51s

"Compared to the other trans1t10na1 maflc magmas at a :»A '

51m11ar mafic 1ndex, MADM has 51m11ar HFSE concentratlons to

vflows from east Greenland (TRANS-1) and the ax1al ranges of

. Afar (Erta Ale) (Nlelsen 1978 Blzouard et aT , 1980)

Both these sultes are extruded onto thln crust after major

: r1ft1ng. ‘UIG1IM 1s rlcher in HFSE but st1ll poorer than
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vlaven extruded on a rifted, thick cruct e.g. the‘xcnyu Rifte
u‘v(narker, 1977). The HFSQ poor UlGQM is similar t0 the .
Mg-rich continental tholeiites of 8vartonhuk, vest Greenllnd
~(Brooks, 1973) and, except for its high Rb and X, to the |
Hebr1dean Skye Main Lava series, a suite thOught to be H
lderlved by part1a1 melting of a previously depleted mantle
(Morrison et. al. ‘1980) Apart from 510,,_ 20 and Cao
d1£ferences, the mean UIGZM composxtxon is szm11ar to SK971
of Skye,cwh1ch is in equ11ibr1um with a four phase |
. spinel- per1dot1te at 1230 C and 10k5 (Thompson, 1974). At
‘:-thls pressure (close to the base of the. crust), anhydrous
--part1a1 melt1ng of over 20% would be needed to generate an
v'ol-hy normative magma (Green and Ringwood, 1967)
Stratlgraph1cally equlvalent lavas in the Wopmay orogen have
- a pr1m1t1ve (MORB 11ke) geochem1stry (Easton 1981) and’
v'reflect more ‘extensive crustal r1ft1ng These are the lower
‘»:KaapV1k Tuertok and Belleau Formatlons ofs the Akaltcho ;‘/
..Group as well as the ‘associated. Stanbrldge and Valllant
Formatlons | ‘

»The Mid Aphebian Diabase and Union Island Group are’
tﬁerefore tran51t1onal mainly oi -hy normative, naf1c
magmas, comparable to. those from Tertlary continental rlfts/
‘which have been produced by crustal thinning. Each su1te was
derived ﬁrom a discrete batch of magma by partial melting at
pressures at wnich the di-;ox-plag thermal divide in rhe
baselt system was inoperative,‘i,er at’ greater than 8 to 10

kb. It is tentéti@ely inferred that partial melting took



placo close to tho base o! the crult UIG1N .nd vIGDM ~
uﬂaorwcnt 60% cryctal !rnctionntion. largcly in crustal
’m chambers and produced tholeiitic andesitic

mpositions. UIG2M ‘was produced b?“mol:lnq'cf a nord:

depleted, betorogeneous mantle and, because of little

evidence of !ractionation, vas rapidly emplaccd from depth.-

G. SOSAN GROUP
Two areas were studxed both having potass1c alkali
‘basalts. Seton Island has both a bimodal and a continuously

‘differentiated sequence, whereas Taltheilei Narrows has a

bimodal sequence. \ - A a

a) Seton and West Keith lslands (SOGSI 1M, SOGSI&M, SOGS131
and SOGSIF) ) |

The'l::er-part of the sequence is classified aé ﬂ
K-alkaliﬁe'olivine basélta(SOGSI1M) and potassic
trachy-rhyoliﬁg‘GSOGSIF).-The upper part is K-alkali basalt
(SOGSI12M) differentiated to tris;anite (SOGSI3I).A&he last
rock type ranges from trachybasalt to trachfte. .

The h;gﬁ HFSE concentrations, ﬁbtably of Nb Qnd P,
classify these suites as alkaline (Pig. 7a,c,d), but sodic
and,potgssic suites cannot be distinguished by this’
criterion alone»(Winchéster and Floyd, 1977)..0ne
least-altered sample of SOGSIIM and two samples of SOGSI3I

‘established the above classification, using Irvine and

Baragar (1971); however, none of these” samples have -

. C ey

P
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i/

"hnormat1ve lepSldE. The pota381c nature of the sequence 1s'

X

ishown by the presence of a prlIary K feldspar. Its primary

o i 3

3

”'nature is establlshed by the c herent decrease of Ba w1th
the maflc 1ndex.“The normatlve cla551f1cat10n of these:
lisamples is hy normatlve, thus the assumed ox1dat1on ratlo 1s‘

Z-too hlgh The h1ghly pota551c rocks found 1n the upper
}sequence do not have 1gneous compos1t10ns (Flg 10-1) and
R

dappear to have galned tﬁelr K O from 1nterlayered trachytes -

"durlng metamorphlsm.‘J

v ; o ' &
: he correspondence of the S1Oz and Zr/T1Oz

cla551f1c‘ 1ons.(F;g 10 7a and b) 1nd1cates that SlOz iéf”_
falrly stable. SOGSI3I wh1ch has a colour 1ndex less than'v
s
lf tlghmgy clustered SaOz values of SOGSIF are probably
. orlg1nal and therefore cla551fy these rocks as ’
T{trachyrhgqllte rather than alka11 fhyollte. The three
-leaSt altered samples are hlghly pot3551c and suggest a"
‘trend to pantellerltlc rather than comend1t1c comp051t1onst
;The sequences all cla551fy as w1th1n plate (Flg 10 7e f and
g), although Y contents vary w1dely and show values as “low
17 ppmw | '
y The upper and lower sequencesbare d1v1ded because each
dlsplays a separate but. contlnuous path of Nb, Y and Ti
‘venrlchment (Flg 10-7£, h i and i) wh1ch precludes thelr
dr‘_derlvatlon from the same magma. The mafics of the blmodal

su1te,-SOGSI1M contaln hlgher Nb and P,0¢ than those of the

late d1ffereht1ated su1te, SOGSIZM (65+18 ppm and

A

;35,lhas SlOz over 50% Except for a- 51ngle comp051tlon,vthe‘ L



‘from each su1te, shows the opp051te trend (1 81+1 55 to

'tr1stan1tes%ow1ng to the subsequent rapld reductlon in Fe-'”

o Content o .__l;f‘:;f{”'
_In SOGSIZM startlng ‘at an M.I. of 71 -the rapld reductlon

"the trlstanltes (SOGSI3I)‘1nd1cates K- feldspar"

C’scrystalllzatlon, whlch was probably represented modally asdk/

.

~

0. 89+0 54% compared to 35+7 pbm and 0 54+0 20% respectlvely “

and thus appear to be more. alkallne. K2 O for all samples

L%

2. 80+2 37%), although these values may be’ the result of

'falteratlon. Only one "least altered"vsample was obtalned

from both sultes and therefore no. comparlson of K O could be

: —gmade u51ng thlS technlque.f--

ThlS dlfference is noted ‘on" the maflc 1ndex plots (Flg

10 8). and d1fferences in the crystal fractlonatlon paths are“__

revealed The maflc 1ndex attalns a max1mum value in the

u’ .

At low M I. values, the rapld reductlon of Cr and N1 in

SOGSI1M 1nd1cates cllnopyroxene ‘and. olxv1ne fractlonatlon._~¥

!’of V and Fe suggests Fe T1 ox1de crystalllzatlon, but TlOz,;

T

Fl

o
PR

anorthoclase before subsequent metamorphlsm (see Ch 4).

4
/

The varlatlon 1nfstable elements 1n the basalts 1s /

explalned by at least 40% crystal fractlonatlon domlnantly S

3

of plag1oclase HFSE varlatlon in the b1moda1 group suggests

".trachy rhyollte would be produced by 85 90% fractlonatlon of

the basalts, very 51m11ar flgures to those calculated for

, the tran51t10nal to alkallne blmodal su1tes of Afar TBolna

and Erta Ale°vBlzouard et al , 1980)"The observed

0

o

N

: 1ncreases up to an M. I of'80 The llnear depletlon of Ba 1n"



//elemental range in. basalt trlstanlte to' trachyte sequence.;p;“

can be expla1nea by 75 80% fractlonatlon (approxlmately
A‘:olspl“5Cpx25mt ) ThlS degree of fractlonatlon 1s close to

‘~that calculated to explaln a 51m11ar su1te produced from

”'_trans1t10na1 basalts of the Gregory R1ft (Ol Tepe51,,['f

‘ b)-Taltheilel‘NarrOWST(soGTNM a“d-SOGTﬂFffj

.ollv1ne fractlonation, but the N1 reductlon ‘18 clearly

‘olspluocpxz7mt3,,Baker et al 1977)

~~‘No deflnlte petrographlc ev1dence was seen to support

L.

Happarent The break 1n slope on the Cr N1 fractlonatlon plotﬁf
'(Flg 10- 7k) 1nd1cates cllnopyroxene crystalllzatlon before
: 11v1ne. ThlS ev1dence of cllnopyroxene as a llqu1dus phase R

suggests minor fractlonatlon at moderate pressure (>8 kb)

(1) SOGTNM

o The maflc component of thlS blmodal sulte (SOGTNM),.f“

-

xgxclearly cla551f1ES as alkallne and w1th1n plate on all

“fthe HFSE dlagrams. Chemlcal alteratlon 1s much more
v'extens1ve, leav1ng only one least altered sample wh1ch
is a pota551c alka11 011v1ne basalt (u51ng Irv1ne and j.

ﬂBaragar,;1971) HFSE concentratlons ard comparable w1th

'*those of SOGSIZM and also cllnopyroxene phenocrysts are_r

"infound 1n some samples. However, unllke SOGSIZM .nofﬁ .

'trlstanltes are found. Startlng at. an M.I. value of . 71,"v

‘Ja rap1d decrease ln both' V and TlOz suggests the
S 4
ifcrystalllzatlon of an Fe T1 ox1de phase.

186
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‘(11) SOGTNF L o
| The assoc1ated rhyolltes (SOGTNF) are clearly
Tjalkallne (F1g 10 7a) but they con!aln negllglble Nazo
57and have non 1gneous alka11 compos1t1ons._5f however,lghi
::!the total alka11 comp051tlons have been preserved'“these‘*j'

[4
'irocks are peralumlnous a@d/aherefore unrelated to the

“basalts. The HFSE trends for the basalts and rhyolltes ff*
llshow separate groups w1th no clear $v1dence of |

j'consangulnlty (Flg 10 7f h i and 35 '

% Comparxson and Petrogenesm‘ | ‘ e
| The most alkallc maflc flows (SOGSI1M) are comparable .
:'fto the "low K" ALK2 basalts of East Greenland (Nlelsen,,v.'mh
ﬂ¥1978) These were extruded after major crustal flexure and
'~r1ft1ng and fOrm a b1modal assoc1at10n w1th undersaturated
:itrachytes. However, the SOGSIF plugs are oversaturated |
?iatrachytes and have 51m11ar HFSE contents‘to those 1n blmodalf
"Tdassoc1at10ns w1th tran51tlonal father than alka11 basalts
}} }(Erta Ale, Blzouard et al 1980 TRANS 1 Nxelsen, 1978)
“ . It 1s d1ff1cult to see how these oversaturated rocks
;could fractlonate from a nephellne normatlve magma when’;
,there is no ev1dence of kaersutlte fractlonatlon. If'thls
'jjbasalt su1te 1s a consangu1nous b1modal assoc1at10n, SOGSI1M /
ﬂ;gmay represent a tran51t10nal basalt from a mantle segment lfﬂ‘:
:r1ch in. HFSE elements. However, these concentratlons are far.'
T,”hlgher than: are found in any trans1tlonal basalt so- far.l' ;

dedescrlbed



The h1gh alkal1n1ty of the magmas, the1r assoc1atlon'

,‘w1th a perlod of flexure and faultlng (see Ch 2) and the
“'ev1dence for medlum pressure fractlonatlon suggests a lower
‘degree of mantle meltlng at a’ hlgher pressure an§ 1n a lower*v

i geothermal grad:ent than was 1nvolved in- the pro uct1on of

.the older trans1t1onal magmas (1 e. of the Unlon Island

i~d along deep fractures of the braxded transturrent fault

";‘the onset of subductlon. That these major faults tap the

Group) is: 1s best explalned as pre55ure release meltlng

‘i'fsystem. These fractures were dllated by a phase of E W

compre551on and domlng of the Slave craton whxch preceded

",r mantle today 1s shown by a selsmlc refractlon proflle (Barr,u’

_‘observed after graben development o

| rhyollte'suggests varled degrees of partlal meltlng at hlgh

‘1

1871). Tran51t10na1 ‘to- alkallne\central eruptlons are ‘

both th1ck crust

"‘(Ethlopla, Meyer et al ,\1975) and thln‘ed crust (Afar, f‘

Clvetta et al 1975) P |

| The close assoc1at1on of alkalllbasalt | |
trachyte w1th alkal1 (or tran51tlonal) basalt and trachy:u 3
pressure to form maf1c melts. These were later fractlonated
at pressures below the onset of the thermal d1v1de to form
an oversaturated and an undersaturated trend A 51m11ar

assoc1at10n has been expla1ned by thls mechanlsm in the 'v.,f7

‘fHebrldean su1tes of Skye (Thompson et al } 1972) However
athls mechanlsm can only be accepted 1f uncharacterlst1cally
"hlgh HFSE values are assumed fbr\a tran51tlonal basalt and B

'7:i1f two dlstlnct mantle sources are posed The data presentlyv»f

[N

A..fo T *'V“A*;~, 7-! L



o w1th a characterlstlc trace element 51gnature.;«erw;?‘”“"

n,_{class1fy;a jn

5“T‘Baragar,;1971 and Flg.f

B e T R . e A

1hdavail§bleiarefnot Suffioient‘to;resolvefthis'problem; P

: .
. < e .
V- . A e

H KAHOCHELLA GROUP AND ,.mcxson GABBRO

’ These trans1tlonal to,alkallne volcanlc ahd 1ntru51ve ;i'

"”ijsu1tes are grouped togetherabecause each SUlte occurs aE’twofi

fseparate centres and each.centre ylelds volcanlc products

' ’a) Talthellez Narrows (KAGTNM and JAGTNM)

- Two of the least altered samples of the KAGTNM flowskjlff

anormatile trachybasalts (u51ng Irv1ne and

10 2) Thls probably represents the1r5l

T e AR
;V.Jorlglnal comp051t1ons b',ause the su1te ylelds h1gh B o

concentratlons or HFS elements, character1st1c of alkal1

*fdfsulte, w1th plagloclase form1ng over half of the

4‘_fractlonated m1nera1 assemblage (Table 10- 3)

’_Lbasalts (F1g 10 9a C and d) and S1m11ar to those for the lvﬁgf
'.:'Sosan Group maflcs. The other two remnant samples appear to |

N*‘:have suffered some xzo loss (Flg 10 2) and thelr majorfW”

¥

_elements yleld an 1ncongruous K tholellte cla551f1catlon.."n'

\

The HFSE ratlos, notably the parallel trends on the

‘_'Nb Zr plot (Flg. 10- 91), suggest that two magma sources may o
'wbe present The stable trace element varlatlon can be §

-‘*iexplaxned by 30% low pressure crystal fractlonatlon of each lf;

-4

‘; The two least altered ma]or element cpmp051tlons of the535

.‘dlfferentlated Jackson gabbro plug (JAGTNM) are ol hy

S normatlve basalts (although one 1s q hy normatlve 1n Flg



) '5310;2) The HFSE classify the maflc part of ‘he plug as

"3htran51tmona1 to alkallne (Flg. 10 9a c and d'} whereas the

AN
nenlte, showxng A

.“funanalyzed marglnal phaSe 1s undersaturated
"An;no modal quartz When plotted versus maf1c 1n_ex,_the HFSE
*7*have trends s1m11ar to the assoc1ated KAGTNM 1‘vas, except
x‘;i;in y1eld1ng h1gher zf contents (700:70 ppm vs..f13+20‘ppm),tdv"
if?The blmodal T1Oz d1str1but1on 1nd1cates the pres nce of o
“5T“:cumulate oxldes. ‘:f7fe,i7]fiigikll FF‘”HThL‘ : N
Both lavas and 1ntru51ves appear to be closely :EQated
'A;hpand may . represent varled degrees of partlal meltlno of the,.'””
':a4jmantle (10 to 20%) to produce ol ne. to ol hy normatlve h;w;;;

‘=,h}me1ts. leferlng Nb/Zr rat1os suggest some ma“tle:fﬁﬁ,;awr:_u~~

n]dheterogene1ty. Q"

. ,;‘wj Pekanatm pai nt (KAGPEN, KAGEPF and JAGEPM) S
“"} The largely plllowed basalt su1te (KAGPPM) s more'f;i
:;strongly altered than the masszve KAGTNM.flows and

affylelds SlOz contents of over 58% but the orlglnal maflc

ffcomp051tzon 1s conf1rmed by the low and restrlcted range
‘Hiln Zr/TlOz ratlos (F1g >10 9a and b) The maflc 1ndex .
f?plots (Flg.'10 10) show con51derab1e scatter for':"‘ |
fﬂ{alkalles, CaO Ba and Sr, however, the Mg/Fe ratlos ﬁa&éFge

Tvbeen sub]ect to metamorph1c alteratlon because w1th"}:_”

iflncrea51ng maflc 1ndex, N1 1ncreases and Nb 2 andf?i7”
“hdecrease Thxs cannot be achleved by any reallstlc

*Jf§3;g73{1orzgln by partlal meltlng or crystal fractlonatlon, and



N -

"an ormgln by contam1natlon would have to 1nvolve an
»ﬂfunllkely, Mg- poor, Fe N1 r1ch co tamlnant.. N -
| Two of the four least altered samples of KAGPBM are L
o el- ne normatlve pota551c alka11 basalts with over 2% Kzo
’1(F1g.:10 2) The remalnlng two comp051tlons class1fy as
'4.f:q hy normat1ve and plot 1n the subalkallne fIEld of F1g.d
‘ ‘i310 =2 Thls is 1ncon51stent w1th the trace element
‘iscla551f1catlon, and is probably caused by SlOz addltlon./'
1“The HFSE y1eld an alka11 baSalt cla551f1cat1on (Flg |
.;h10 9a and b)- but hlgh Zr/P 05 1nd1cates p0551ble :
ttran51tlonal comp051t10ns (Flg 10- 9c and d) The HFSE
//show lower concentratlons than those of the KAGTNM or
\§osan Group basalts. Y and ons, 1n partlcular, dlsplay'
'_w1de ranges 1n concentratlon and.reach extremely lowr,‘

- hvalues (7 to 28 ppm and 0. 01 to 0 77% respectlvely)

h{fTectonlcally, the su1tes cla551fy as w1th1n plate (Flg‘f'~u

.‘.mﬁo 9e and f) but Y 1s unusually 10w for basalts of thlsﬁhgg
‘:feHV1ronment (F1g.\10 9g) : R o

S The w1de ranges 1n trace element conoentratlons 1n§§7'
'T;KAGPPM for a llmlted varlatlon 1n fractlonatlon 1ndexit-b

| fi_J(l e. Zr/TlO R cannot be explalned by low pressure

"»:@?dcrystal fractlonatlon because .an . 1mp0551b1y hlgh

"hfpercentage of crystall1zatlon would be needed ' ouer
5m85% w1th1n a formatlon whlch shows no ev1dence of an
”;vdlfferentlates of 1ntermed1ate comp051tlon (Table 10 -3
{and Flg 10 91 to m) In addltlon,‘dlstlnct trends occurv .

o on HFSE plots (Flg. 10- 91 to 3) and a w1de range (2 to .
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';Bl occurs in the 2r/Nb ratiof(Fig. 10-9h). Clearly, a
multipleISOurce orlgin is}involved,veither by
| progressive.melting-of.a“mantle soGtCe and magma-removal
‘iin dlScrete pulses, or by melting of a mantle wh1ch has‘
'smalléscale chem1cal heterogeneltles._" | -
KAGPPM dlsplays asymptotlc trends to the Zr .axis on

logarlthmlc plots of T1 and Y vs.. Zr (Fig. 10-9f and;j)

~_and to the Nb axis on a plot of Nb vs. Zr (Flg. 10-9i)

*f_On logarlthmlc plots thlS 1nd1cates an 1ntercept on the

e

,opp051te axis of the blnary plot _An 1ntercept on the’
‘axls of a partlcular element suggests a -

'relatlvely hlgher partltlon coeff1c1ent for that element

durlng melting. Comparlson of the 1ntercepts of HFSE onif

;.these brnary plots suggests a relative 1ncompat1b1l1ty:5

durlng melting of T1 Y>Zr>Nb i.e T1 shows an o

‘ unexpectedly hlgh compatlbllzty for normal mantle.
?materlals. Varlatlon in the contr1but1on of key |
"mantle phases, wh1ch host - these elements, to the prlmary“ﬁ/
_Vmelt would be a mechanlsm to expla1n the observed '
‘;varlatlon 1n 1nterelement ratlos. 051ng the

'partltlon coeff1c1ents for maf1c phases in Pearce andv

' fNorry (1979) the only phases wh1ch could explaln such a-ifd

.lvarlatlon 1n the four elements 1s a mlxture of

‘;thornblende and cllnopyroxene, and even thls does not t‘

'd’qu1te expla1n the rapld 1ncrease of Nb w1th Zr (Flg
:10 91) However, the hornblende/basalt partltlon |

:h coeff1c1ents of Zr and Nb are falrly 51m11ar (0. 5 and



S e

4

0.8 respectively) and, within error, could probably give

the observed trend. The.sharp increase in Nb cannot be
caused by resfduaf”garnet.becausefno oorrespondingt‘
depletion in Y is obsérved, Phlogopite eannot5bev
involved in melting be@huse it will not_fractionate Nb
' or Ti in a-mafic melt. o
| ‘Geochemicaljstudies ofvTertiary'to ReCent potassic

~alka11 basalt complexes suggest that these rocks

Lt

orlglnate by.7 to 20% partial meltlng'of‘garnet

peridotite (Sun andeanson,‘197S; White g; al. , 1979;

l» éernandei, 1980) It is'difficult to'see how an |

-t”amphlbole could 5urv1ve as_a re51dual mantle phase w1thv*

.rthls degree of partlal melt1ng ’It therefore seems most’M'

r,llkely that KAGPPM lavas were formed by 51m11ar degreeS‘

of partlal meltlng of -a heterogeneous mantle source

: "whlch contalned dlfferent amounts of amphlbole and

o cllnopyroxene. A recent survey found that the commonest

’“'2amph1bole 1n upper mantle nodules is parga51te (Dawsonﬁ-d'
'and Smlth 1982) The range in concentratlons of the

) HFSE notably of the most compatlble element in the

:l;group,‘k suggests that mantle heterogeneity may beb
rrelated to a prev1ous thermal event. Small scale partlal

ngelt1ng and subseguent recrystall1zatlon would lead to a

_red15tr1but1on of LILE and HFSE in locallzed amphlbole

;and cllnopyroxene ve1ns ow1ng to 1neff1c1ent extractlon.f'

oﬁ,the.melt, i.e.vcontlnuous or dynamlc partlal meltlng

givingwcontiguousvzones of enrlchment and depletron .
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(Dangmui et al, , 1977; Wood' i979) Such contlnuous,
rather than batch, part1al meltzng for thls mantle
sample is 1nd1cated by stra1ght 11ne trends, rather than

P
- concave upward curves on a Zr/Y VS.. Zr plot &Pearce and

Norry,l1979) Furthermore, elemental redlstrrbutlon
about mean values typ1ca1 of . mantle concentratlons,‘ls5
1nd1cated by the slopes and pos1tlons of the curves forvl'
- KAGPPM on blnary HFSE plots. The ‘mid- sectlons of the
KAGPPM»trends transect the maflc ends of.the curves:
for all other sultes (Flg 10-13) The sub- parallel
fractionatlon trends of these other su1tes 1nd1cate that
lthey have all evolved from d1screte magma batches wh1ch
cannot be connected by any model of low pressure crystal
fractlonatlon.vThls may have 1nvolved Qartlal meltlng of
o dlfferent mantle segments, dlfferent degrees of meltlng \
:of_the.same segment ,or a comblnatlon of both
nechanisms. Because KAGPPM 1ncludes and cuts across
flthese trends, 1t appears to represent w1th1n one suite
| the entlre observed range of relatlve enrlchment and
d7depletlon in Nb. and‘Zr for the ‘mantle below the East
”;tArm- fhv-vf'.f : _'7rvt {T“f,.b7r;”3hvlf .'.%\vf
.(11) KAGPPF P _ . e
The assoc1ated rhyollte domes (KAGPPF)ﬁdisplay a

11m1ted S1Oz-var1atlon and have lower HFSE contents than

‘_;SOGTNF Remnant quartz phenocrysts and the h1gh SlOz

)content 1nd1cate that these were or1g1nally

,oversaturated Th1s, plus the h1gh Nb/Y ratio,
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'.‘classifies these rocks as hzgh alka11 rhyolites,

’.kaowever,llf the total alkal1 content 1s or1gxnal and
| fhonly equimolal Na-K exchange has occurred durlng

:,:3fﬁ‘metamorphism the suite is peralumlnous rather than

.7tiperalkallne.-Thls is 1n keepxng thh the muacov1te
dfphenocrysts observed in one sample. However, this
“suggests that elther the muscov1te is a pseudomorph of
-another phase, or that peralkal1ne rhyol1tes mlght '
~1conta1n hxgh Nb. The sparce and anomalous nature of the

ipetrographxc ev1dence suggests that the former

: 7exp1anatlon is the more llkely one Unfortunately, only,'

few. data are avallable' however, the markedly dlfferent

J

Zr/Nb ratlos 1nd1cate no - consangulnlty w1th the KAGPPM "

v:flows (Flg. 10~ 9h and 1) R
'ff(llx) JAGPPM o T P
Only two samples were collected from the Jackson
,_Gabbro szlls and dykes whlch had 1gneous ma]or element
compos1t1ons. Both of these were q-hy normatlve

‘;jtholelltlc ande51tes (u51ng Irv1ne and Baragar, 1971)

o The Zr/TiO, rat1os conflrm the 1ntermed1ate

t':~cla551f1c:at1on (Fxg 10 9a. and b) but HFSE s -

,fcla551f1cat10ns 1nd1cate a trans1t10nal to alka11 gabbro

g,su1te (Flg.,10 9a to d) Low HFSE concentratlons are

- similar to those of KAGPPM' and,’accordlng to Flg._TO 9e"pH

and f, could 1nd1cate a p0551ble plate marg1nv

‘r,env1ronment, as does the lack of Fe—enrlchment On the '

ﬁhand ‘other data do not support thlS classwflcatlon,
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“nofabiy the high Cr and Ni contents which are more
cheraqte{istip of a primitivo within-plate basalt. In
eddition,‘voicanic arc basalts have high contents of
;}‘_LILE, but notkof HFSE with very low partition

~coefficients, e.g. Nb (Seunders et al. , 1980). JAGPPM,
however, haseﬁb and‘Nb/Y values far too high for arc
basalts. Furthermore, data are sparse and the
ciassification diagrams were not designed for intrusive

|

between the 1ntru31ons (JAGPPM) and the assbcxated lavas

‘rocks. The sxm1lar1ty in the trace-element s1gnature
4(KAGPPM) 1nd1cates that they were derived ffom the same

heterogeneous.mantle segment. -

c) Comparxson and Petrogenes1sj
| The Kahochella Group 1n the two areas 15 thus
bcharacterlzed by dlfferent magma products. Talthe11e1
'_Narrows has trachybasa&t flows (KAGTNM) cut by a
'ﬁtran51t10nal to alka11 gabbro plug w1th a syenzte margln
";1(JAGTNM) Pekanatu1 P01nt also. dlsplays potass1c alkallll:
'v.basalts (KAGPPM) cut by tran51t1onal to alkallne dykes and
| 511Is (JAGPPM) but they have much lower HFSE co?tents and ‘E:J
“ul,were produced/by partlal meltlng of a markedly hbterogeneous_

- mang}e Segment shoy1ng small -scale variations in amphibole-

~ ‘and possibly cliﬁopyroxene.

Lateral chemlcal heterogenezty 1n “the mantle has been
deduced from the study of mantle xenoliths, sel —floor

basalts and*also Phanerozo;c mafic suites from continents
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-and oceanic islands. This was observed in continental
transitional basalts from the Hebridean Province (Beckinsale
et al, , 1978; Morrison gt al, , 1980) and the Midland
Valley of Scotland (Macdonald, 1980). The former ‘group,
represented by the Skye basalts, is thought’to have been
formed from a mantle depleted in HFSE by a previouh phase of
melting. Alkali basalts from the Azores (Flower et al. .,
18976) and from Kenya (Norry et al. , 1950) show the same
feature. The latter case .is thought to have involyed partial
melting, at depths less than 20kb, of a mantle locally
enriched in LILE and HREE which were mobilized in a CO.-rich
fluid. Such mobilization has been produced experimentally at
high pressures (Wendlandt-and Harrison, 1979).

The Kah;Ehella Group represents renewed
pressure-rei;;sg melting along splayed transcuréenq faults
during E-W compression of the Slavebcraton. In the
Taltheilei Narrows area, the faultigystem which fed the
Sosan Group volcanoes acted as a renewed conduit and
producgd alkali‘basaltslsimilar to those of the Sosan Group.
Further south, dilation of a new fault system.tapped a more
heterogeneous mantle segment, - -

]

1. PEARSON FORMATION (PEM)



‘d:thlgh Al 03, 1nd1cat1ng a borderllne calc alkallne o

fa) Class1f1cat1on
The two least altered samples are q hy normatlve

thole11t1c basaits and thole11t1c ande51tes, but both have 'g]

. cbmp051t1on (uszng Irv1ne and Baragar, 1971) Thelr Kzo

‘content 1s 2. 12+0 78% The alkalles v5~ SlOz dlstrlbutlon ofhfﬁf

. 'the whole su1te suggests that it 1s subalkallne (Flg. 10*2);

: N
whale the Zr/TlOz vs. SlOz coherence and llmlted SLOz

!

varlablllty (55 34+1 30%) 1nd1cates that the suzte 1s .
JdOmlnantly basaltlc ande51te- fi;l e | o

The low HFSE contents, notably of Nb and P2 05, clearly.;:f;

cla551fy these rocks as subalkallne (Flg 10—11a ‘and b).

: Plots Whlch use Zr/P 05 cla551fy these su1tes as subalkallneﬂpp'

L (Flg 10 11c and d) It should be remembered that th1s type,’f
'fof plot/applles str1ctly to maflc rather than 1ntermed1ate |
'V:rocks, because of the effect of fractlonatlon on Zr/P205.577f‘v
.d:However, the data plot well 1nto the subalkallne fleld |

“ 1nd1cat1ng that even the most maflc samples would not :“:

; ClaSSlfy as alkallne. SubaIkallnlty 1s also clearly
:,,lndlcated 1n the comp051tlons of the remnant pyroxenes (see

Ch 9).‘ : R o .
The cla551f1catlon of the tectonlc reglme 1s more

rpomplex; The HFSE 1nd1cate a. volcanlc arc env1ronment and
jthe JLlow Cr (9£8 ppm) supports th1s (TlOz vs. Cr'plot
»Garc1a, 1978)\ However the h1gh N1 contents (92+18 ppm) arelft

' more characterlstlc of‘non arc (WPT and MORB) Sequences

;(Tl/Cr vs. N1 plot Beccaluva et al ) 1979). On the T1 Y Crld:‘

%
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~diagram (Fig. 10—11n) PEM does not show the relatlve TlOz’

L}

”fdfenrlchment that would be expected 1n 1ntermed1ate

‘"afractionatlon products of a contlnental thole11te.uThe T1/V S

"f'dratlo 1s dependent upon the ox1dat10n state of V (1 e. upon_ﬂ'

ﬁ_i%szo of the melt) and has been used by Shervals (1982) tbn

rdlstlngu1sh IAT w1th low T1/V ratlos, from WPT and MORB

] tn&whlch ha;t)Tl/V>20 PEM has a T1/V of 27+3 Whlch does not
‘}yﬁsuggest an arc enV1ronment Therefore the PEM lavas show:t
3 .chemlcalbafflnltles w1th both " contlnental and arclff"
tholeilles;,v i vv’ - L | ’H ‘

U51ng the major elements Mgo FeO Al O;,’the tecton1c
deflnltlon 1s less equ1voca1 (Flg 10 11o) The two f |
least altered comp051tlons plot on the boundarles of the

stontlnental and orogenlc flelds, whereas the sulte as a f.
whole 1nd1cates a llnear trend tOWards Mgo whlch 1s the
“ldleast stable element 1n the dxagram. However thls trend

:;l;mlgh not be the result of alterat1on because MgO shows a

h‘fhgood correlatlon w1th N1 and Cr.‘Taklng fleld ev1dence 1nto }f’
'gidcons1deratron, PEM 1s best classlfled as cont;nental from |
2hvthls d1agram although altered samples,’rlcher in Mg, do

'joverlap 1nto the fleld for ocean floor basalts. |

Regardless of the env1ronment a coherent 1ron

",henrlchment trend 1s 1nd1cated on the FeO vs; Zr/TlOz plot

J(Flg 10—11p) but at a very hlgh Zr/Tloz fath. ThlS trend
:1s 51m11ar to that shown by the Ferrar dlabase, a

ifcontlnental su1te thought to be derlved elther from a mantle

":segment r1ch 1n HFSE and LILE or by crustal contamlnatlon



;fb Crustal contam1nat1on 1n the PEM flows 1s 1ndlcated by the

\
extremly hlgh "Sr/“Sr 1n1t1al ratlo. ThlS mechanlsm may-

‘_valso explaln the varlatlon in Zr/Nb ratlos by one order of

magnltude (Flg. 10 11h) but the vertlcal slope on the Nb ergf

d1agram (Flg. 10-111) and the low values of Nb 1n these

‘.

'rocks 1nd1cate that a detectlon 11m1t problem for Nb 1s

1nvolved C;};;;ff{'}:, B ‘t.l “:#:y.:h;i:{u\_**f;:

Trace element‘varlatlon,'apart from Nb can be thg jijjfj

i explalned by moderate plagloclase clanpyroxene cotectlc

crystalllzat1on spec1f1cally pl,ocpx,sox1des1 (Flg
10‘113 ks 1 and m) Apart from the Fe enrlchment trend the

lack of magnetlte fractlonatlon 1s 1llustrated in the

‘ constancy of SlOz content w1th 1ncreas1ng maflc 1ndex (Flg.m—:‘

-?v10 12) Crystalllzatlon of magnetlte causes an 1nflexlon on

the t;end and a rapld 1ncrease 1n SlOz content In

thole11t1c ande51tes from WPT magmas, magnet1te prec1p1tates”f

at hlgher maflc 1ndex values than are. reached 1n the PEM

k-‘lavas (e g 75 ‘in. the case of Th1ngmu11, Carmlchael 1964)

The hlgh SlOz values even at very low maflc 1nd1ces aré

t noteworthy and may also be an effect of crustal ‘f;_.,_) }nk.ft

B contamlnatlon..

b) Compar1son and Petrogene51s 3

The Pearson Formatlon therefore shows the hlgh Fe and

o P

N1 characterlstlc ‘of contlnental thole11t1c ande51tes, but

.&'

o w1th the low Cr ‘and- HFS element contents and the hlgh :

Zr/Tloz of an arc th01811te magma. Clearly, the fleld and



A

'5€j31sotop1c ev1dence (Ch 3 and Ch 6) 1nd1cate a- cont1nental ;L:*

"7flﬁthole11te whose comp081txon has been modlfled by crustal

'7chontam1natlon Approx1mately 5% a551m11atlon of a typlcal

'*fﬂSlave granod1or1te by a WPT would explaln the alkall and

’“i31A1203 contents but would produce hlgh 5102V31U95;

1Rather

\

"fhthan bulk a551m11at10n, a select1Ve transfer of elements may‘f

"fhave taken place. Alternat1vely, the tectonlc model outllnedj}

-3

‘“:7:f1n Ch 2 1nd1cates that the PEM flows were extruded after

'ffthe development of a subductlon zone on the western margln_f”

"Vftof the Slave craton, and before the 1ntru510n Of

ftcalc alkallne laccollths 1n the East Arm. The 1accol1ths

.‘"flsu99est that the subductlon zone 1nfluenced the magmatlsm Of:t

~

;f4the East Arm, and 1t may therefore have partly 1nfluenced

| the chemlstry of the PEM lavas. The hlgh K. O/Nazo of the twoff

"T;least altered samples (>0 6) 1f orlg1nal _1nd1cates a

'“borderl1ne shoshonlte cla351f1cation (Macken21e and

"5fltchappell 1972) a rock serles Wthh normally marks recently?}

““fstablllzed convergent crustal marglns.pj | -
3:? The 1sot0p1c ev1dence of contamlnatlon (Ch 6) makes
CVTthe flrst hypothe51s for the or1g1n of the Pearson Formatlonhi
Tvthe most llkely,',r that 1t was formed by thev°' . |
’v'upper crustal contam1nat10n of a contlnental tholelzte..The.
’flows compare most closely w1th the "hlgh¥T1 member of the 5

two Tr1a551c dlabase magma types of the Appalachlans (de

"thoer and Snlder, 1979 Sm1th et al 1975 Pape21k and

’l['Hodych 1980) The term "hlgh T1" ‘only refers ‘to the

T
: trelatlve TlOz content in these Tr1a551c d1abases. Both



jﬂ;ﬁ"hlgh T1

) }f__"._.Nb as’ PEM

1'5ifet al 1975) Because subductlon~d1d noti;y‘ur.ln the‘are

N

Zo}Lﬁat that tlme, no crustal subduct1on related orlgln was

'~f1nvolved and the group 1s not:as enrlched 1n elements of';jiﬁd

'ifhlgh crustal abundance as s’ the Pearson Formatlon,m;fffffﬁ

——

Desp1te these comparlsons,‘lt 1s dlfllCUlt to env1sagef*7“

:n'a cru%tal contamlnant wh1ch would 1ncrease the Zr content 1n o
0

“”»a WPT w1thout aodlng C‘ns1derably to the Nb and P contents,kff

“ffwh1ch would already be qu1te hlgh However, Nb and

[N B “

*suggesting'thafgghe],_

| ﬂlvery low concentrat1on551n PEM‘

,.ﬂuncontamlnated magma was even more depleted 1n these'”Han

Lp;elements (Flg.,10 14) The only magma Whlch would show such

"an HFSE pattern woufdfbe van‘ﬁiarc thOlellte.""‘:'

*53fiThe;ev1dence 1s therefore equ1vocal and hlghly‘f

'h?edependent on models for the nature of selectlve

”7T;contam1natlon. However, on contlnentalﬁmarglns one would"E

’lffexpect to flnd a zone of tran51tlon between VAB and WPT"hFor.
A"fexample, hlgh alumlna basalts w1th <1 to >2% T102 from the'
”“diOrdov1c1an of N Wales have been xnterpreted as representlng
wdeAsuch a tran51t10n (Floyd et al 1976) The PearsonITT’tf5m7ﬁ

-Formatlon may also represent such a- tran51t10n.hgs;;f




H"rnkthe overlap of ar.;;gii »thln plate plutons, but“such low';i

vlffvalues cf Nb ( 15 ppm) are rare for‘w1th1n plate plutcns

’”*;3w1th more. than 55% SlO;ZV the Rbidata 15;;.:

vOn'the other hand

%V:ﬂmore characterlstfcﬂof 5111c, ;Plutonslf'om a w1th1n plate’f:“

Uffa;rather than a contlnental arc: envlronmen_;:The Rb contentsﬁfj?s

.lﬁffare all 1ess than 100 ppm Whlch 15 lower than Pearce and

:ff:EGales range for plutons from a contlnental arc (1 e. >200v-J

”ffppm) In addltlon, ev1dence of crustal lnfluence on the
"5nchemlstry of the plutons 1s equ1VOcal The "Sr/"Sr ratlo,h}if

"Vanlthough hlgh cculd st111 1nd1cate a mantIe or lower crust
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"?f}orlgln (see Ch 6) 31ng the data of Pearce and Gale (1977);}

UK ‘.1; ET THEN GROUP (E'rcu‘) -

The least alteredfsamples;%

re q hy normatlve tholelltesfﬁ

va'to thole11t1c ande51tes w1th 1v4$+0 74% KzO One ol hy

‘"f;normatlve-sample 1s so classlfied both by norm and by the -
'i:i;alka11es Sxoz plot (Flg.,10 2) The SlOz content appears to,h;
ﬂbfjlbe prlmary and Zr/Tloz 1nd1cates comp051t1ons rang1ng from';ﬂf
9;fthole11te to tholelltlc ande51te (Flg._10—11a and b) -

: The HFSE 1nd1cate subalkallnlty (flg 11a to d) and

'"Hﬂ‘tectonlqally, 1nd1cate a w1th1n plate env1ronment w1th a_‘d' |

{Qp0551ble tran51tlon to one oﬁ'plate margln type (Flg

"f;jindlcate a trace element pattern characterlstxc of a-

./\.'

'":pfimltlve (1 e.,nMORB":llke) WPT The MgO FeO -Al 03 dlagramda

7fEﬂqyields an unequ1vocal contlnental settlng (Flg 10 110) and f}

',{;ﬁa thOIEILt c 1ron enr1chment trend at Zr/Tloz ratlos lower

‘“Lffthan those for PEM 1s also observed (Flg._10-11o¥4 The

!7f¢;suddenfbreak 1n slope on the Nb vs..Zr plot at low
‘«_concentratlons of Nb (Flg 10-111) 1nd1cates a detectlon
”,;jllmlt problem durlng analy51s The var1atlon of the other

Y

?1f:wstable elements is explalned by 20% low pressurelhi{fetf‘]“'

t::f?fractlonatlon 1nclud1ng 5%'ollv1ne (Flg ‘0 113 to m)



’,@Jall HFSE elements._Such depletlon would be expected 1n IAT

ffmfrather than WPT but the 1nter element rat1os are o

The ETGM lavas are therefore contlnental thole11t1cidgi'
(yifandes1tes, but w1th low HFSE element contents (notably of
= ?Nb P aqd Zr) more characterlstlc of a pr1m1t1ve WPT ThlS

j1nd1cates\that the maflc parent was even more depleted 1n ;;f"

'j:characterlstlc of arc lavas.,Thls suggests an orlgln by thep o
:'5ﬂmelt1ng of a mantle depleted 1n these constltuents,'or by
7meoderate, but selectlve crustal contamlnatlon of WPT

fffrUnfortunately, no Sr 1sotop1c data are avallable for thlS
?Zf}su1te.-;;f\ffVF.fi;'&"J [EEE . i |
*AZVL SUMMARY OF TRACE ELEMENT VARIATIONS IN THE VOLCANIC AND

INTRUSIVE SUITES R e o ‘
_ The most 1mportant HFSE elements are plotted for each
su1te 1n Flg 10 13 u51ng Zr as a d1fferent1atlon 1ndex. Thef?b
parallellsm of the trends 1nd1cates a separate magma source ;i”

/\
for each su1te, unconnected by low pressure,gcrystal

quffractlonatlon..Notably WIGM (13 and SOGSI1M (4) show»ff"

=ft-cont1nuous fractlonatzon trends 1nto the1r assoc1ated fe151cg'f
ﬂﬁrfunlts. In addltlon, the radlcally dlfferent slopes of KAGPPM_gf
17;((5) and UIG2M (3a) clearly 1nd1cate heterogeneous sources

'f}rfor these su1tes. The sudden breaks in slope below Nb valuesfwr

h%.jof 4 to 10 ppm cannot be expla1ned by crystal fractlonatlon

: N\ 9.
}and 1nd1cate an analytlcal detectlon 11m1t problem.

Regardlng only the changes in- the maf1c source
"T;lcomp051tlons WIth tlme, the changes from tran51tlonal to
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'”~;alka11nevsu1tes 1nvolved an overall 1ncrease 1n Nb and a
Vﬁsllght decrease 1n Zr for all sultes,}The Sosan Group ShOWS;
ran 1ncreaSe 1n T102 and 31mllar or’ notably lower values of
whereas the Kahochella Group shows a marked decrease in
f:TIOz and. Y Thls pattern cannot be explalned by varled |
gﬁﬂdegrees of partlal meltlng of the same type oﬁ SOurCe.

;gVarlatlon of garnet 1n the mantle source ‘is the only

'fmechanlsm wh1ch can explaln these changes, notably the rapld‘“

':7ffdecrease in Y/Zr for source basalts of s1m11ar maflc 1ndex."°

QV’h;Us1ng the part1t1on coeff1c1ent of Pearce and Norry (1979)

“.?fcllnopyroxene cannot glve the same depletlon. The alkgl1ne o

“'Sosan and Kahochella Group lavas have thus tapped source,l-i'x:
-_reglons depleted 1n garnet when compared to the sources for

) the earller trans1t1onal MADM and Unlon Island Group .
| Furthermore,.the cycle of r1ft development whlch b
'r_contalns all the above sultes, w1th the except1on of the pg:;.f

: Wllson Island Group,vbeg1ns w1th the Slmpson Island alka11 e

B jigabbro (not 1llustrated) wh1ch has h1gher concentratlons of

}V&wa T1 and Y than any other 5u1te (Burwash and Cavell 1978’.}?

c@iBadham, 1979b) Therefore the trend 1n Y (and probably Q
‘hgarnet) depletlon lasts throughout the whole cycle of
) xrlftlng and compre551on, regardless of magma type.:lTZ

The change 1n concentratlon of several elements throughu"5

aﬁd'tlme can be: seen more clearly 1n F19‘°10“14 Wh1Ch plots the

o 1east fractlonated non cumulate sample from each 5u1te._;;"'

'uTConcentratlons are shown for a group of HFSE and trans1tlon']fﬁ

»I*'Ielements wh1ch are l1sted 1n order of 1ncrea51ng overall
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| f:partltlon coeff1c1ents 1n petrolog1cally relevant m1nerals.j
'tThe conceptratlons are normallzed to an average MORB

| ho(Pearce, 1980) Thls d1agram 1s thus analogous to a Masuda

t REE" plot and 1llustrates relatlve enrlchments in elements of

f‘rjlow partltlon coefflcient (Nb and P) for alka11 basalts and

° .

:WPT»(Flg. 10 14a and b respectlvely). Note that there is

H”fvery llttle varlatlon 1n Y, Whlch tends to concentrate in

w

»garnet and cllnopyroxene.:The Slmpson Island dyke 1s not -

'*_fplotted because no unequ1vocal chllled margln composition is

‘;eavallable from the data of Badham (1979a) and Burwash and
iffcavell (1978) However, the average analy51s of th1s dyke 1s'_y
:yhlgher'1n all these elements than any later alkallne rocks ‘
Ttr;of the Sosan or Kahochella Groups.-;-‘“ i‘ T
' The tran91tlonal basalt proleesvclearly show.au

:7ﬂ-separate or1g1n for UIG1M and UIGZM the latter yleldlng a

'Wffprlmltlve (MORB type) WPT prof1le. Desp1te the detectlon -

v fllmlt problem for Nb P concentratlons are correspondlngly

’d7;low and the more fractlonated samples (Nb>4 ppm) dxsplay a

Hn51m11arly shaped proflle. Therefore the "flat" pattern seen B

?V_f1s probably genu1ne.-n*’”

The alka11 basalts d1splay a progre551ve depletlon in

f;ilall HFSE 1n both t1me and space° from' he’ Sosan Group to theu»f‘

tViKahochella Group,iand from Seton Island to Talthe1le1 o
lNarrows to Pekanatu1 Po1nt The Pekanatu1 P01nt magmascshow T;ff

’%7Hd1fferent proflles w1th notable depletlons (relatlve to iﬂiin

*.?MORB) 1n all elements except Nb and T1. Because maflc )

fm?flndlces do not vary greatly, and becauSe the compatlblejglf'
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element Cr behaves in a s;m1lar fashlon to the HFSE this S
' ‘pattern suggests relatlve HFSE depletlon of at least two
3d1fferent mantle segments w1th t1me.:The Pekanatu1 P01nt

’ data appear to show that mantle segments strongly depleted

B ;fln Y, have been enr1ched 1n secondary amphzbole, causang thef:,

7;_ addltlon of Nb and Tl.e_f‘.

| The later ETGM and PEM SUlteS have notably dlfferent

L element patterns. ETGM 1s 51mllar to a pr1m1t1ve WPT but has:h_
a tendency toward the convex*upward pattern (Flg.;10-14) of |

fhan arc basalt (Pearce 1980) Thls trend 1s more clearly

- developed in PEM whlch in addltlon shows unusually h1gh Zr'3~

1'contents, 1nd1cat1ve of crustal contam1nat1on.”rl

'.ﬂM THE RELATIONSHIP OF MAGMATISM TO TECTONICS
:* Each stage of the magmatlc development of the East Arm [xf
”fls'clearly aSSOC1ated w1th 1ts tectonlc hlstory whlch

'vturn “1s related to the structural development of the Wopmayl-

: .orogen. ThlS orogen has undergone at least one complete

c W1lson cycle of rlftlng,‘crustal separat1on, subductlon and»ﬁ?-

'contlnental COlllSlOﬂ ‘Wthh has been compllcated by the :;,f-‘

develOpment of a backarc bas1n and late stage grav1ty sl1desdfh

s

’ o RN DR
Because the structural controls on the development of

f¢@1n the East Arm 1tself (See Ch 2)‘. _‘f ;;jfjal]f“

r‘contlnental rlfts vary and because they may be observed 1n

i ffdlfferent stages of development no 51ngle pattern 1s

“ff;observed in the magmatlc hlstory of contlnental grabens.;I )

°:the present case, the partlbular order of tectonlsm w1th1n
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S e e Co
’the wOpmayforogen*haS»COntrolled the'order”of magmatiSm :

w1th1n the East Arm graben and the two. are descrxbed B
| together below' pphr”f. %f“ _h%fi ;d,:‘ u];'fp;ij,: = |

'Vf(I) -An early phase of pota551c contlnental bhole11te 1n the

W1lson Island Group (WIGM) followed the development of a L
graben and underwent low pressure fractlonatlon to '_ i |
thole11t1c ande51te and rhyollte (WIGF) Th1s sequence‘ends'"f
w1th the extru51on of hlghly alkallne basalts/nephellnltes‘
in ‘the Upper WllSOn Island Group (UWIGM) and from the .

”-nature of 1ts subsequent deformatlon, appears to represent .H
an earller cycle of rlftlng and graben development.4- ey

BN

1‘\.<'

(II) A new cycle of updomlng and graben development was.a
accompanled by the 1ntrus1on of pota551c al al;ne gabbro to"
ht:syenlte and peralkallne granlte (N, vslmpson Island and
Blach ord Lake) and even carbonatltes on . the W -margln of}
‘-f the Slave Craton (Blg Spruce Lake) e p: . Zﬁdpf kei ‘l ﬁg’
-"(IIII :ﬂzz;sequent perlod of exten51ve crustal separatlonfihf
' 1n the orogen produced a back’arc ba51n and concomitant
MORB type magmatlsm (Akaltcho Group, Stanbrldge and Valllantv
Formatlons) In the East Arm, a perlod of er051 n and
\\ 11m1ted crustal exten51on was_accompanled by extrusion and
hlgh level 1ntru51on of w1th1n plate tran51tlonal basalts,'u
e each un1t of wh1ch represented a separate phase of : |

* N .

| qﬁhallow level part1al meltlng of the mantle. These un1ts
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1nclude the Mid Aphehiw{e‘ | f&b) diabase (MADM) and the
v‘maflc ‘rocks of the ‘Union Island Group (UIG1M and UIGDM). A

: .later, thzcker maf1c unit in the Unxon Island Group

' frepresented partlal melt1ng of a mantle Segment of dlfferent

}‘3comp051tion (UIGZM) I

'(Iv) Renewed fault movement caused by E- W compre551on and

'f.;flexure of the Slave craton (assoc1ated w1th the prel1m1nary

,astages of crustal subductlon 1n the orogen) produced
v"several d1screte pota551c alka11 basalt magmas. dur1ng
\ifSosan Group tlmes, by local1zed pressure release along 0_
'7:transcurrent faults These magmas are represented by two"‘
mafic unlts at Seton Island (SOGSI1M and SOGSIZM) and one at
| \TalthBIIEI ‘Narrows (SOGTNM) At Seton Island these magmas‘

*underwent low pressure fractlonal crystalllzatlon to produce
ftwo separate dlfferentlated Serles.;The flrst produced a :

f"blmodal” sequence WIth trachy rhyollte plugs (SOGSIF) and

'.’;the second produced a trachybasalt trrstanlte,

i“}undersaturated trachyte ser1es (SOGSI3I) The thlrd alka11\ -

}xbasalt flow-package, at Talthe11e1 Narrows (SOGTNM), is'
'assoclated W1th alka11 rhyollte (SOGTNF) to Wthh 1t shows

" no clear genetlc connect1on : L

, -

'(V). Dur1ng Kahochella Group times, the commencement of
"easterly crustal subduction, which caused the growth of the
SR v

“Hepburn massif, temporarlly relleved E-W stress in the

.grabenrtas_afresult-there was a deepenlng,of the graben and



211

continued pregsure-release meltihg, sometimes along the same
fault channelways which fed the volcanic centres of the
‘Sosan Group, as at Taltheilei Narrows (KAGTNM).

In the ?ekanatui Point area, potassic alkali‘basaltsAto
'trachybasalts (K8GPPM) vere produced by melting of a
heterogeneoas mantle segment which may have had variable
contents of amphibole and clznopyroxene. Other flows
(KAGTNM) were produced from a dlst1nctly different mantle
segment wthh was richer 1n‘HFSE, Subsequent GJackson
’Gabbro) iﬁt;usions of transitional to alkaline gabbro (to
syenite) retained the characteristic HFSE pattern of each
mantle segment (JAGPéM; JAGTNM) . Problematic~rhydlite dbmes
in the Pékanatui.Point érea (KAGPPF) are associated with the
mafic f}ows but were not consanguinous. They Yield alkaline
HFSE ré;ios but chta}n remnant muscovite phenécfysts.

| ‘The alkali basalt ;uités of the Kahochella Group’and
.some from the Sosan GrOUp,Ayield 1owér Y values than the.
transitional basalt su1tes and 1nd1cate a relative depletlon

of the mantle source in garnet.

(vi). As subductlon and Hepbq\p plutonlsm continued, closure
of .the back-arc. ba51n in the orogen restrléted further
dilatiqn of the transcurrent faults in the East Arm.
Magmatism of the.Peaff;n Formation (PEM) was then similar to
;n arc tholezite bUt.with high Ni and Fe. Regidence'time in ,
upper crustal magma chambers produced extremly high 1n1t1a1

"Sr/"Sr.
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“

‘ Un11ke all of the other maflc su1tes, except WIGM this} ::f

flow package shows no, ev1dence of 011v1ne fractlonatlon. The’7l

dom1nant rock type 1s thole11t1c ande51te produced by low

[

'g pressure fractlonatlon of malnly, cllnoperxene and : v/-“ﬁ

I
.plag1oelaseq

-

(VII) After closure of the marglnal ba51n in the Wopmay

g Orogen, renewed compre551on produced grav1ty slldes in the 5>'

East Arm. A p0551ble change in the angle of subductlon
trlggered the development of a new calc alkallne contlnental
'i:arc (Great Bear ma551f) w1th contemporaneous hornblende

quartz dlorltes in the East Arm. SRTRTE
. - SO ;

(VIII). After a perlod of contlnental colllslon, low grade e

iy metamorphlsm and shear meltlng 1n the orogen, a He11k1an.__*,fd

stage of E- w\compre551on cauSed 70 km dextral strlke Sllp
| movement on the Macdonald Wllson Island fault 1n theanst
Arm. ThlS caused contemporaneous, local1zed contlnental

'1 thole11te extru51on w1th1n the Et- Then Group (ETGM) . ’e"

HFSE concentrat1ons 1n thlS flnal stage are s1m11ar to those‘

(ﬁ\,

for a pr1m1t1ve WPT or even ‘an arc thole11te.

o



‘f:;stndydwas made of each of the f1fteen major volcanlc and

'lfl"n"p 'H}XI. concnusxons

gaw;An exgegglve fleld mapplng petrographlc and geochemlcal

tlntru51ve su1tes of the East Arm of Great Slave Lake. 1ji
S ' o -
Because these unlts are 1nterlayered w1th a. 16 km tthk'

L clastlc wedge, each formatlon of Whlch can be related to a

“51m11ar llthology and to spec1f1c tecton1c events 1n the,“

FFrWopmay Orogen (Hoffman, 1980a) an attempt was made -to *”

'j;relate magmatlsm in: the East Arm w1th tectonlsm in the'3 S

Hoffman (1980a) sees the East Arm as an aulacogen, or't'

:vorogen L ”"ﬂ;iof‘f‘@:}fnej ",i‘”‘]“f-,f_ "ff,i:j;‘
' - : y o R

'hgraben whlch abuts 1nto the WOpmay orogen at a hlgh angle,~'a

vVand whose tectonlcs have been‘controlled by the deVelopment

,of at least one Wllson cycle (of contlnental r1ft1ng and

'.L fsubsequent COlllSlOn) 1n the orogen After a. compllatlon of

l‘publlshed sedlmentologlcal and tectonlc data was made, a-new:
h model/for the Wmeay orogen was proposed 1n order to help |
‘_explaln magmatlc development in the East Arm. Thls model was‘
'based on’ that of Hoffman; and 1nvokes crustal rlftlng, "
development'gf a back arc ba51n, subduct1on and subseqnent
‘clospre of the ba51n by contlnental colllslon.i\ |
Major and trace element analyses were obtalned for at

ileast ten: samples from each ma]or 1gneous format1on g1v1ng>a ,
,;total of over 200 analyaes. Element mob111ty caused durlng |
.metamorphlsm of the lavas and 1ntru51ons precluded the use

,,of normal petrochemlcal cla551f1cat10n techniques. This ledf'

_to a reV1ew of element*mob111ty studles to ascertaln the'

213
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'fmost stable elements under varlous condltlons of alterat1on'

*ihand metamorphlsm. A cr1t1que and synthe51s of avallable

'l;fstatlstlcal cla551f1catlon techn1ques was made, based ma1nlyl
tion the relat1vely stable elements Al P T1,_¥ Zr Nb and

.uthe less stable tran51tlon elements Fe, Cr and hj The

A'ffcla551f1catlon attempts to d1v1de rock sultes 1nto alkallne

i and: subalkal1ne types and then to cla551fy subalkallne
fsu1tes further on a tectonlc ba51s. Separatlon of =

‘1ntermed1ate from maflc comp051t10ns 1n each 5u1te was

"fﬂ“supplemented by estlmatlng the orlglnal colour 1ndex where

“'.HWIth those derlved from trace elements.;.

1gneous textures were. preserved In addltlon “a serles of
rrplots was used as geochemlcal "screens" to determlne the
yleast altered major element comp051tlons. Norms of the
_latter comp051tlonc gave magmatlc cla551f1cat10ns con51stent;'
These magmatlc and tectonlc cla551f1catlons were,a
| supplemented by major element analyses of remnant 1gneous ré"h

‘cllnopyroxenes wh1ch agaln gave cla551f1catlons con51stentu"

w1th the above. Cllnopyroxene chemlstry 1s closely relaﬁed’”

l

to the comp051tlon of the host magama Varlatlons 1n trace,".
’ elements were used to determlne the amount of low pressure
'crystal fractlonatlon that had taken place 1n each su1te
51ng Raylelgh fractlonatlon calculatlons, and to deduce
'_that most su1tes were produced from a%!}fferent magma batch
'dMagmatlc "Sr/"Sr rat1os and 6"0 comp051tlons were o
llobtalned from remnant 1gneous cllnopyroxene. In con]unctlon

_'w1th 1n1t1al ?’Sr/"Sr ratlos from 1sochrons,_they 1nd1cate

O. . N '
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.) 3

fﬂlconstruct a petrogenetlc grld 1n terms of pressure,*

a mantle der1vat1on for most magmas.'

€.

1 Dates obtalne@ from the oldest and youngest Apheblan

fisultes (Wllson Island Group, 1810+19 Ma and Pearsonk

ahFormatlona 1809+30 Ma) suggested that a- metamorphlc‘event oflffb‘f
E;Hudsonlan age reset the Rb/Sr clocks 1n the East Arm. The'
:"'rocks show a. progre551ve 1ncrease 1n metamorphlc fac1es fromﬁ
7ifpumpelly1te-f aCtanllte to epldote - amphlbollte w1th age

fVand thus w1thddepth of bur1al Metamorphlsm moblllzed many‘
r,major elements, partlcularly 1n f1ne gralned samples._,.l5;’

'*fRelevant thermodynamlc and experlmental data were used to

L4

-~

”temperature and flUId comp951t1on. In all but the hlghest
“dhgrade epldote - amphlbollte fac1es,_externally buffered
pimetamorphlc flulds,»w1th Xcoz‘vaﬂues of up to 0. 2,
'd%stablllzed carbonate bearlng metamorphlc m1neral assemblages~:ﬁg

= and appear to’ have produced the common "1ow grade ep;dote ff;';

aCtanllte o cblorlte assemblage at temperatures Q‘ g

characterlstlc of very low grade (1 e. 300 to 400 °C) ‘he'_;-""

. ﬁu
coz was supplled by llmestone dlSSOlUthﬂ.

The relatlonsh1p between the geochemlstry of - thevl

volcan1cs and ‘the tectonlc hlstory can be summarlzed as’

'follows. After 1n1t1al major rlftlng of the Slave craton and

'alkallne plutonlsm at about 2200 Ma, a perlod of crustal

' extens1on was assoc1ated w1th mantle derlved tran51t10nal

‘basaltlc volcanlsm. on. the western edge of the Slave Craton,

a marg1nal basln was developed Subsequent east west

»compre551on and buckllng of the craton produced

o -



fcf;mantle derlved maflc alkallne volcanlsm Later, subductlon,:”;”

1ijassoc1ated w1th the growth of the Hepburn ma551f,,co1nc1ded

v17w1th subalkallne basaltlc ande51te flows 1n the East Arm

'hwhlch have chemlcal afflnltles to both continental and arc

'i';thOIEIIteS and whlch underwent marked crustal contamlnatlon.

-ing follow1ng perlod of calc alkallne plutonlsm co1nc1ded w1tH

.};the growth of the Great Bepr ma551f and a phase of reglonal‘ftf‘

Ma. Durlng the Hellklan
- tlocallz d contlnenta' thOlEIIteS were produced durlng major
‘.ydextral movement on the Macdonald fault system..A more_t_“

.detalled outlne of these events ‘is set out below.';ej[jx“

“-f ota551c contlnental tholellte 1n the"

npwllson Island Group (WIGM)n”'llowed the development of a

fonatlonvto

FA

-‘ﬂgraben and underwent low pressure fra

"V;tholelltlc ande51i§ and rhyoi1te (WLGEl/ ‘This sequence ended,

.‘\-

el
w1th the extrus1bn of hlghly alkallne basalts/nephellnltes
W <

(UWIGM) and from the nature of 1ts subsequent deformatlon

~{,probab1y represented an earller cycle of r1ft1ng and graben'f

E <
L

kvldevelopment

ff(é) A new cycle of updomlngvand graben development was
jaceompanled by the 1ntru51on of pota551c alkallne gabbro to .
'_syenlte and peralkalxne granlte (N Slmpson Island and :ﬁ
'fBlachford Lake) and even carbonatltes on the W margln of

"the Slave Craton (Blg Spruce Lake)

O : 6



"7f(3) A major M1d Apheblan dyke swarm (MADM) of | Q
ffimantle derlved tran51tlona1 basalt was 1ntruded 1nto the

nffslave craton and preceededr

- ’«.\ T

'lfithe East Arm.;,

A subsequent perlod of exten51ve crustal separatlon 1n '

‘ftthe orogen produced a back arc ba51n and concomltant

:aperlod of upllft and er051on 1nyd“"\

~MORB type magmatlsm (Akaltcho Group, Stanbrldge and Vaxllantfpt?ft*

j;IFormatlons) In the East Arm, a perlod of er051on llmlted
“.:crustal exten51on, and block fault1ng was accompanled by

ffjextruszon and hlgh level 1ntrus1on of mantle derlved

515w1th1n plate tran51tlonal basalts of the Unlon Island Group;xtf'f

o each un1t of whldh represented a separate phase of

jshallow level partlal melt1ng of the mantle (UIG1M UIGDM);;
3f7Mapp1ng revealed two dlStlnCt pullowed un1ts 1n thls groupr,

‘nithe later, thlcker maflc un1t (UIGZM) showed a dlstlnct 1;.1“
fpchemlstry and represented partlal melt1ng d; a mantle :
:fse?ment of dlfferent comp051tlon from that wh1ch produced

ﬂv‘the earller flows (UIG1M) and the d1abase (UIGDM).

e

Ak”l(4). Durlng the de9051tlon of the Sosan group,.renewed faultﬁi
Vmovement caused by E- W\compress1on and flexure of the Slavel'
crath (assoc1ated w1th the prellmlnary stages of crustal |
“subductlon in the orogen) produced several pota551c alkall.'“
-.fbasalt magmas (SOGSI1M SOGSIZM SOGTNM) by locallzed s
. pressure release along transcurrent faults. These were
"derlved from separate partlal melts of the mantle In the

: Seton Island area, these magmas underwent low pressure



:fﬂggfractlonal crystalllzatlon to produce two separate

"Vddlfferentlated serres.

lilffw1th trachy rhyol1tevplugs (SOGSIF), and the second a ff,*7'

‘*T?trachybasalt trlstanlte and undersaturated trachyte serles

”ifl:(SOGSi3I) The thrrd alka11 basalt flow package (SOGTNM)

"-7the Talthe11e1 Narrows area 1s assocxated w1th

,The f1rst produced a blmodal sequence

’if_walkall rhybllte (SOGTNF) to whzch 1t shows no clear genetlc ff}f;

":?fconnectlon. Mapplng showed that these two centres produced

‘shallow water, phreatomagmatlc eruptlons and subaqueous ash

'djflows. The reworked eplclastlc dep051ts of Seton Island and

“jgpsporadlc weldlng of the tuffs 1n Talthe11e1 Narrows 1nd1cate

,3_{pp0551b1e subaerlal emergenCe.}cm -.,4_;

f(5) Durlng}Kahocnella Group tlmes, the commencement of RO

.\~‘

”Vl[Hepburn ma551f temporarlly relleved E w stress 1n the

hfftgraben.,As a result there was a deepenlng of the graben and

G, ustal subductlon, whlch caused the growth of thei_nf'”v

“contlnued pressure release meltlng, sometxmes along the same ‘7*7

»ffault channelways Wthh fed the volcanlcs of the Sosan
vv:Group,'l e KAGTNM of Talthe11e1 Narrows RS
_ h Pota551c alka11 basalts to trachybasalts 1n the Tl
'1rPekanatu1 P01nt area (KAGPPM) were produced by meltlng of a
fhheterogeneous mantle segment wh1ch may have had varlablesz"‘
5fcontents of amphlbole and cllnopyroxene..Other flows were

f-produced by part1a1 meltlng of a dlstlnctly dlfferent mantle

' psegment (KAGTNM) Subsequent 1ntru51ons of tran51tlonal to

"lffalkallne gabbro (to syenlte) retalned the characterlst1c

‘,. ‘*v'



S T"i}ﬂffféﬁfﬁ*,iffff’{hfifff ;%dﬂffffhafﬁf;ff”f2l97f?%”
5 .‘T%j,*V,ﬂq- " “~u.,'t1~4a~f~‘ o L e
*waFSE pattern of each mantle segment (JAGPPM JAGTNM)

‘zf#Rhyollte domes (KAGPPF) are assoclated w1th the maflc flows-jfgﬂff

7hfbut wete not consangu1nous. They yleld alkal1ne HFSE rat1oS-@f¥_¢?

LE

m”lfbut cont;&n remnant muscov1te phenocrysts. The alkal1 basalt]ﬁiﬁ§f}

fi;su1tes of the Kahochella Group yleld lower Y values than theifyﬁLi
'!tran51t10na1 basalt su1tes and tndlcate a relatlve depletlod:;;jlé

ijﬂof the mantle source’ln garnet.b?'A‘l B | B

‘ Fleld mapplng 1nd1cated deeper water cond1t1ons of

lgeruptlon for the volcanlc centres of the Kahochella Group

1k;hthan for those of the Sosan Group.,Thls 1s con51stent w1th

:sedlmentologlcal ev1dence.:However, Talthe11e1 Narrows was
h‘fposs1bly an emergent centre showlng reworked ash beds and ef'i' |

'“j,plllowlng of the dlstal parts of ma551ve laVa flows.f'ﬂ"”

u“6(6) As subduct1on and Hepburn plutonlsm contlnued closure

ff'of the back arc ba51n 1n the orogen restrlcted further

Tsfdllatlon of the transcurrent faults in the East Arm

i;Magmat1sm of the Pearson Formatlon (PEM) was srmllar to an

15arc th01811te but WIth hlgh N1 and Fe. Re51dence t1me 1n the

'1fupper crustal magma chambers produced extremely hlgh 1n1t1al

-’hi"Sr/"Sr (0 7096) Unllke all of the other maf1c su1tes,j”='

1Vjﬁexcept WIGM thlS flow package shows no ev1dence of ollv1ne s'”:7

f:fractlonat1on. The domlnant rock type 1s thole11t1c ande51te
;.f'produced by low pressure fractlonatlon of malnly plagloclase

T and cllnopyroxene..-” D

(7);ihﬁterrclosurejofpthe«baCkfarc.baSim}_reneweduE‘7



-dﬁcompre551on produced grav1ty slldes 1n the East Arm.la_i;
lt'p0551ble change 1n the angle of subductlon tr1ggered the
~,j‘development of a. new calc alkallne contlnental arc (Great

”f»Bear~ma551f)- w1th contemporaneous,,back arc, hornblende _”
, : _ :

2 quartz d10r1te in the East Arm_(Compston quartz dxorlte 'E;f;»:-f

~;'laccollths)

. (8). After a perlod of\contlnental colllslon, lowférade\' fﬁﬂ'

Tf:reglonal metamorphlsm at 1810‘Ma and shear meltlng 1n the-;hk
.Q;orogen,.a Hellklan §ta§e of E W compre551on caused a 70 kP
l_dextral str1ke sllp movementvon the Macdonald Wllson Island
lefault in. the East Arm. Thls cau5ed contemporaneous,d:;_

ﬁlocallzed contlnental tholellte extrus1on in- the Et Then_ e

- Group (ETGM) The HFSE concentratlons in thlS flnal stage-”."'” -

K-

”-.are 51m11ar ‘to- those fOr a pr1m1t1ve WPT or even an arc

l‘ctholellte.:g,_$$>hn'f‘fu; J;'f&

"(f'_ Magmatlsm 1n the East Arm graben can thenefore be e

, : e :
r.\related to 1ocal tectonlc events W 1ch ~1n turn, were

controlled by success1ve stages oﬂ r1ft1ng, compre551on
,crustal subductlon,'closure of a. marglnal ba51n and

“—contlnental collls1on w1th1n the prmay orogen.



Fi§; 2—ﬁ Ma]or tectonlc elemento at the marglns of the
. Slave structural prov1nce (from Hoffman, 1980a)
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2 3 Stratlgraphlc column,

(from Blackadar, 1981)

STRATIGRAPHIC co&unu*,f

g%

East Arm of Great Slave Lake’

: Dcscrigcion .

t«Then Group 2.3 nearly flat- lying sequencevfﬂ

Cof. ‘coarse-grained’ terrlgenOusu. 3'r\,»

“sedxmencary rocks comprises -

:fanglomerate overlaxn by

sandstone._u

iZA complex assemblage of red

beds - includes. red mudstonev;:
with stromatolitic’ meéga=
breccia, red laminated and.

'cross~bedded sandstone with'
' carbonate-pebble chglomerate,.

" red mudcracked muidstone with-

buff .siltstone beds, and colum-

i‘nar basalt flows. '

Stromatolitic and. ool1txc l;me-i}'

.~@tone ‘and :dolomite, thin bed- -, .
.ded-argillaceous limestone -

and'’ .mudstone, Stromatolite }

. mounds and graded greywacke -
--beds., . -

Red and’- green fissile mud-~“

-l stone, granular hematitic

. ironstone and . spherulitic . . -
"‘limestone, flat pebble intrah-

_formational conglomerate ang

- red concretLOnary mudstone. _;
“Pebbly crossbedded. subarkbse,

stromatolitic lzmestone and’

- basalt ash and‘lapilli-fall

tuff fine. cross ‘bedded quartz-
ite:and . .red platy siltstone. .

- Arkosé and granite rubble, -fh;-_a\

vnon—stromatolxtxc dolomlte,, . _
.. ‘black mudstone’, pillow basalt - T
. and. gabbro- 51115, aqd cherty : s
‘"-dolomite. R

Basalt and rhyolxte flowS,.f

‘‘conglomerate .coritaining base-

7,ment clasts, cross- bedded.

quartzite, feldspathic

f»'quartzlte, ‘dolomitic quartz-
~-ite, impure dOlOMlte, argilla--

e 5 BAST~A
- Age.. Groug
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Summatz of the depasitional and volcomc hm’ of the Epworth basin
mmw_mfﬁ_«r___&w Jond -
' ' Goulburn basin (Ki ‘aulocogen ) ‘

~2)00Ma ‘ c~2040 2000Ma d

Y

FEdpillowed lava Flows - EX)vokanic mountain chain - E3fluvid sandstone
 Emossvelavaflows - - dolomite /limesone . E3delhic to marine s'lrsvone

@ volcanic centre . - [3blockBate - EJturbidite '
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Fig.ﬂz?s.‘The Wopmay Orogéh 1. Flrst colllslon in the
B orogen,-result1ng in accretion of the Great Bear
arc- bearlng m1crocont1nent (after Hoffﬁan,$1980a)
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2 6 The Wopmay Orogen II Renewed subductlon west of
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Fig. 3-11.
subangular pumice and fragmental guartz and feldspar
matrix. Field width 0%9.mm. Plane polarized. light.
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Fig. 3-24. Undeformed v1tr1c ash (PPGOC) 'Shards are .
.chloritized. ‘Matrix is- dolomlte. F eld w1dth 0. 9mm
Plane polarlzed llght.
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Table 4~3 Summary of metamorph1c m1neralogy.-~‘
e Mineral abbreviations.;are tha
" Sge also Table 4-4 for Optlca
(1,2 and 3)," chlorites (A, B, -C and D) and-

' uxpumpelly1te. Dashed. llnes 1nd1cate minor amounts of
“each mlneﬁal S . L

data for: amphlboles

i1 son

Q? :

Tstand |-

TAEC

Mid-
*Apheb.

o | wa

0.1,

: vDiabas'e’

- Flows

u.I. G.

~Diab. .- -

- =
e | .

Kaho.

Eek‘ari -

Sosan
Talth.

Kaho.
Talth. -

Jackson

.5ame as for- Table 4- 2k;

SR KIS SRTEUREE TP : B R . B BN I ISR
S R L s . B K . B O . o
sbe o e « P 'f - T L N BT ) B o

N & ST R

e

Vaem| e

LLC] I

‘vt.’-:.{':‘ R ,
(N 0 I R
: fd]ﬁ - T i L
S N
Csph -
B

et e
cay e e



Table 4-4. Optical data for the metamorphic minerals of
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Table 4~ 5 Petrographlc varlatlon w1th1n the lava‘
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Pig. 4-13. Kahoc Group, Bekanatui Point;basalt,s .
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Table 5
v” 5= 5

1.'Coeff1C1ent,
‘and 5-6. o

‘ Pu, AC - and Ep arL assumed to be Fe free- Ac is

f”aSSumed toibe Al- free..Negatlve symbols refer to the
:5}¢reactants.>Product':
'Fthe reaction.f~ ’

iare on the high-entropy 51de of

© - 'Reactfon Phases . -

ehe

I e

C(D,Lt)
S (Dr,ch)
~(DLPY)
" (Pusthitp)
0 (Pu,Ct)
. ..(PUDAC)
'*’(Ac ch)."
T(AcoCt)
K -(Ac;Ep):

':~~53p§1¢M7§e: o{j
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: ai;ui ot .,,- cacoy
o)y

©Quartzi Q- s1o2















275

un eusso 1ed

L o -3 uoy ﬁ:o:?o&.‘. 0o

5




poo \ - _ | E 276
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Fig. 5-3. The p:obable limits of the temperature and : ,
' pressure conditions within which the Wilson Island Group-'
reached metamorphic equilibrium.,

The shaded area represents the P-T lxmits of the"
Wilson Island GrOUp.,Phase relat;ons for the low to
medium-grade metamorphic transition in mafic .rocks .

- ‘are from Jamieson (1981). Experimental -work is from
. [Liou et al. ., (1974). chlorite decreasing; 2.
" ‘chlorite ou out- 3a. . ep;dote out (QFM buffer, Pszs)
 3b.. epidote out (NNO. buffer)- 3c. epxdote out’ (HM
"buffer, P533) e T e
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Fig, 5-4, Chlorite compositions, déihg,tbe‘qlas:itiéation <
scheme of Hey (1954). o S
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Mq. 5 6. xmm tmpontuio veyv' Fluld zﬁupoti:ion.ﬁm. :
The Key is the same-as for Pig. 5-5, Arrows
| l:ib . ;ltcrntiqn tunds !ox Pu=Ac nnd Ip-M
acies.
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‘:“Flg 5 7 ACF dlagrams show1ng very—low grade (and p0551b1y g
low -grade) metamorphic assembiages observed w1th ' N
1pcrea51ng Xcoz. ”\L i “
';ﬁ Localities are: he ‘same as for Flg. 5 5. Observed
assemblages age 1nd1cated for each local1ty.y
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Table 6 2 Rb Sr analyt1cal fesults for the W1130n Island
Group All samples are from Wllson Island "

"Sample  Rb/Sr . Rb. f Sr

Number - (weight ' p.p.m. pLpLm
BRI ratio®

S r_at‘i.o)

“ "R“b/'v':Sf‘

atomic

E

S urse/sise
S atomig
ratio** -

. "‘V'SF‘/"'S.‘P._“ Y . ‘
. atomic : s L L
jratjq

; 284{: "-‘\\

T hlao 0.386 79, 8 "_';2664.’_5
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' I
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o ‘o
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;5669;{

.8348

o

0
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o

0
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1is61
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V?"’Rb/"Sr error: ~,t O 5% j‘fﬁ
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CUePVOTT - 04317 0 s,

‘Sample : “Rb/Sr - " Rb LT NS LV IRD/ s e g
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cratfo) U e T ration s
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o rqt--iof# B

‘:._’,'?;at'fp\‘:
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. N I O
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'vij"Rb/"Sr error B 0 5%
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have ages > 2000 Ma. L o

- 01/Q = olivine:to quartz thole11te,‘Q/01__f

,.\%_thole11te w1th minor" ol1v1ne..Hy -'modal

- hypersthene,. P1 = pigeonite, =

..a,ngeferences
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Fig. ‘6= 1. Rb Sr whole tock 1sochron for the lava- flows of

the Wilson Island Group. :
The vert1cal bars 1nd1cgte the '7Sr/“Sr error.-
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'Fig. 6-2. Rb Sr Whole rock 1gochron for the lava-flows of
. the Pearson Formation.

- The vertical bars 1nd1cate the "Sr/"Sr ertor
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rig. 7-1.°Pi o minersl hosts or elements of
Fig. 7-1..Probable mineral hosts for e
2 petrogenetlc importance in altered basalts. - ‘
Elements are listed in the order of relative

oncentration within ‘each mineral. |
go thé percentage ‘of the whole- rock concentration: of

‘» that element which is stored 1n that partzcular. L
-mlneral phase. . : . : - .
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<F1g. 8- 1. Normat1ve o1 - Ne - Q pro;ectlon of Hawaxlan
| “alkaline volcanics, after lrvine. and Baragar. (1971)
‘The heavy solid line is the alkallne/subalkalxne - -
- divide suggested by ‘lrvine and Baragar. Plots are. 1n.,,'
: cation equlvalents based on the catlon norm.z ' g
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Fig. 8-3, Ti0, - 2r/F,0, diagram after Morrison (1978)

showing data points for transitional, continental
 Hebridear basalts, . " '
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" Fig. 8-4. Zr/TlOz”f Nb/Y dlagram show1ng the de11m1ted

f1elds for. common, volcanlc rocks,‘from Wlnchester and
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e

Fig. 8 6., Mgo - FeO —“Al 03 dlagram for basaltlc ande51tes S

from d1fferent tectonic env1ronments, from Pearce, Y
Gorman and B1rkett (1977) L .
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" 'Fig. 8=7. Ti/100 = Zr - 'Y+3 diagram, after Pearce and Cann

L .gThis,showg;the“similarityAOf{SOme{continentalfyi‘ SR
" basdlts (solid circle ='Lesotho Karroo) to:ocean: .-

if312,v‘

et flborﬂbasal;s,inata'f:cm.Cox;ahd*Hornung;(TQGQ).~fffuff7 

"-:g ""fFigldS{7QKT"$}wa potassium tholeiite, CAB =",
o070 - cale-alkaliibasalt. o0t TR e
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F1g

8 8 T1 -, Zr d1agram, after Garc1a (1979) Cont1nental T
‘:tholellte'SU1tes are- plotted ‘showing how 'an incorrect

=ﬁ?tecton1c ‘environment can: be suggested ‘Data are from
- Baffin Bay. (Clarke, 1970), Lesotho Karroo (Cox and .

A';fefﬁjHornung, 1966, Ferrar (Gunn, 1966), and Deccan
e ;(Va}lance, 1974a) :
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”fﬂF1g‘ 8 9 Y ¥ Zr - T1Oz*100-- Cr dlagram for tholelltlc and
calc alkallne (CA) su1tes.%,.g_, ‘ el T
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Flg 8 11. FeO(total) = Zr/TIOz dlagram for tholelltlc and

¢alc- alkallne su1tes show1ng usable dlscrlmlnatlon
flelds

CCA L
~“TH
J.gfnormal range of dlfferentlatzon ‘trends;. . IAT = field'
" .of island‘arc ‘tholeiites; OFB = field of ocean floor

Il ) ll-

fleld of calc alkalxne dlfferent1atlon trends,'

‘tholeiites. Formula for TH/CA boundary curve. FeO* =

13,12 1-3. 267109(10’ Zr/TlOz.10 )
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Flg 9 1. Variatlon 1n tﬁ; CaSzO,-MgSiO,-FeS10, components
.. in clinopyroxenes from ‘Aphebian diabase (MADM),

~ Union ‘Island Group ba€alts (UIGIM and UIG2M),. Union .-
. 1sland Group dia e (UIGDM) and £rom the Pearson
"Formation (PEM).
- “Enclosed fleldﬁindxcates pyroxenes thh a quehch
_texture, The dashed-line indicates the
o crystalllzatzon trend of the Skaergaard 1ntrusion.'
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- Fig,” 9-2, Titanium variation in clinopyroxenes. ' | -
S See Fig. 9-1 for key to rock units. Enclosed fields
indicate pyroxenes with a quench texture,

'
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Flg. 9-3. Tectonlc c1a551f1catlon of - £l1nopyro enes u51ng
- the d;scr1m1nant functlon routlne ofalebe and Pearce
(1977 . : »
The dlscrlmlnantufuncthns, F1 and'E -were described
in‘'Ch. 8 as was the magmatic classification, WPA is.
" the’field of within- plate. ‘alkali basalts. The. fleld
. for-ocean floor basalts (OFB) overlaps &he flelds
t“w<"”“”’<,for tholeiites from both Volqanlc arcs - (VAB) and
‘within-plate settlngs (WPT) . Enclosed. ffelds o
vajlnd1cate pyroxenes Wlth ‘a quench texture.:See Flg
. 9 1 for key to rock unlts.;,m  h..‘ _ S
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/hPPENDvaI. DLTERMINATIVE METHODS

'For detailed petrographic‘work thin sections were
stalned for K- feldspar, using K cobaltlnltrlte -and for

plagloclase using K rhodlzonate. A multlpurpose staln was

[}

usedvfor dlst1ngu1sh1ng calc1te and dolomlte of both.
Qo

llron frée’ and ferrous types (Reid, 1969) '
- Analyses of both major elements, and HFSE and LIL trace
elements,]were carr;ed out by X- ray fluorescence. The maflc |
lavas from the Wllson Island Group, Unlon Island Group and .
the. Pekanatu1 P01@€3Kahochella Group as well as all
‘rhyolltes were analyzed by J.G. Holland of Durham University
u51ng a Phlll1ps 1212 automatic XRF spectrometer coupled to
a Torrens 108 automatlc sample holder. Samples and standards
were pressed 1nto powder brxquettes using a polyv1nyl
alcohol b1nder. A W tube was uged . for trace element analy51s:

, &
'and a Cr tube used for major elements. The procedure is

~

'descrlbed 1n ‘Brown et: al (1977) The prec151on was. checked

i

by 1nsert1ng'dup11cate samples. The coeff1c1ent of
kvarlatlon, based on repllcatesanaly51s was;less than 2% for
'the major elements and less than 10% for the trace elements.

The accuracy of Rb and Sr was checked by plottlng\XRF vVS.

nzllsotope d11ut16n analyses on-12 samples. ‘This produced

”correlatlons w1th an r?* of 0 95 and '0.98 respettlvely The
,accuracy of other elements was checked by analy21ng samples
of BCR 1. XRF analyseS'for La.and Ce were also carrled out,
'at Durham, on. some of the samples from the wllson Island

o
FEN

Group.

’
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vPPBZA P10X) which covered the range. in observed
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An attempt was made to produce the rema1n1ng ma]or and
trace elements analyses at the Un1ver51ty of Alberta.'A
Phillips- PW 1410 manual XRF un1t was used to analyze for Rb,

sr, ¥, ‘Zr.and Nb. thlmum machine settings used were 60 KV

k and'40.ma“for'the W tube, a detector voltage of JOGQ v,

amplifier attenuation offl and pulse-height-analyzer

'lower—level and window settings of 220 and 460 V

respectlvely. An LiF 220 dlffractlng crystal was used

e

Corrections for absorptlon and fluorescence effects were

mlnlmazed by u51ng-standards whlch were 51m11ar in
. . ) LR N .

" composition and mineralogy to the unknowns.‘StandardS'(SPG1
4?9 6) were developed by multlple XRF-analy51s ofi. of six-

Aprev1ously analyzed mafic samples (u126, 0168B U179E, PP8A,

L4

concentratlons of Rb to Nb. Four separate discs of each \

'sample were each analyzed four t1mes for each element by

JvG Holland at the Unlver51ty of Durham In addltlon, a-
greenstone standard (KUM 3) was obtalned from P.A. Floyd and.
twelve samples analyzed for Rb and Sr by 1sotope dllutlon

were used Both samples and standards were prepared as

"cellulose -backed pressed powder dlSCS. Absorptlon effects

vere further reduced by normallzlng peak count= -rates to

backg ound rates, the 1nten51ty of- wh1ch varies to some

Extensiv sts on'greenstone material gave similar results

hto those ylelded by normalizing peak count rates to the

1nten51ty of the Compton scattered r iatlon frev

: N
.
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prinéipal‘line of the X-ray tube (P.A. Floyd and G.J. Lees,
‘Pefs. comm., 1978). A cbrtection for curved.backgréundvbelow"
3the peaks of interest_yas obtained,by comparing  the
intensities at't : aékground and measuredbbackground,

' p051t10ns on a 51l1ca gel dlSC and u51ng this as a
”Jtorrectlﬁh. Total countlng times used were 200 secs. each on
peak and background and overlap correct1ons were made for
the effect of SrKﬂon ZrKaand RbK3on YKq ' The resultlng |

precision (coefficient of variation) ‘due to counting
statisties.and machine drift was 2 tob4%’for most elements‘;
but rose. to 10% for low concentratlons (10 ppm) of Rb and

Q

Nb Lower ‘limits of detectlonawere 1 to 2 ppm based on
'-countlng stat1st1cs.'Good linear response of count‘rate vst
" ppm was obtalned for Sr, Nb, Zr and Rb (r? of 0.99, 0.99,
- 0. 97 and 0.96 respectively) but not for Y (r? of 0. 51).
Using samples analyzed by J.G. Holland as a test, these
 curves were found to be.aceurate only wlthin.99% confidence -
limlts for Rb concentrations’ above 20 ppm and for 2r. |
Predicted concentrations were consistently higp, ’esbecially‘/
-.at low concentratlon levels, and 1nd1cate a d1ff1culty in
accurateﬂestlmat1on of background 1ntens1ty. Thzs espec1ally
' affects Y and Nb analyses. In add1t1on, pulse he1ght ‘
analy51s dlsplayed an’ addltlonal hlgh energy peak fgr all
Eflve elements. Eazh peak had tw1ce the energy of the )

-characterlstlc peak and occur;“d at count‘rates far too low’

- to cause pulse plle up in the sc1nt111at10n counter.‘Th1s

effect was probably caused by éﬁpracked grystal
' S ',
LN B 6
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Interference frdm the spur1ous pea af haue also affected

! 'the results. Because of the dlscouraglng overall results,
data from this instrument was not used. ‘
Major element analysis of the mafic samples was

originally attemptedaby electron microprobe‘analysis of‘
homogeneous/glasses produced from b.sngm aliquots of rock
pouder. fheséuglasses were produced under vacuum in an image
' furnace uhich;usedifirst-surfacgegold reflectors to
concentrate tte thermal output frOm‘a laﬁp w{th a high

)

infra-red output (Schimann'ahd Smith, 1980). Repeated

experiment showed that it was not p0551ble to reach ™
vdisuff1c1ently high temperatures w1th this technique to
produce a homogeneous glass thhvno crystals: after‘rapid'
quenchlng, most glass charges contained discrete Fe-=Ti-
ox1des. ThlS could ‘have been caused by poor 1nfra red
'.reflggtlon caused by deterloratlon of the gold- plated
.Eeglectlon surfaces. Reglldlng ofvthese surfaces d1d not
lmprove the performance of‘the reflectors possiblyrbecause
‘the gold plate was now. tco. thick The ten homogeneous |
glasses wh1ch were produced gave' very s1m11ar ma]or element
analyses to those subsequently produced by XRF by R.H.
McNutt- .
Because of the problems,outlined above, the remaiuing
>95 major and.trace.element”analyses‘were produced‘by R.H.
McNutt onm the Philips 1450 AHP XRF spectrometerfat McMaster
gﬁuniversity.vTracekelement analyses’werejproduced,onk

pressed-powder-pellets whereas major_elements were
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determined on 2:1 diluted (Li,B,0,) fused discs. Raw counts

were corrected for background and matrix effects., When
compated to analyses from Durham, using't—tests, McMaster’
analyses of SPG1 to 6 showed similar Sr, Y and P at the 95%.
,_confldence level and similar Nb at the 99% level Rb Zr and
Fe were slightly. lower whereas Ti and Al were slightly
_higher at the 99% confidence level. - ' ‘;

' The transition elements Sc, v, Cr and Ni were analyzed
by atomlc absorptlon using a Perkln Elmer 503
lspectrophotometer. An air- acetylene gas mixture was used for
Cr and Ni but N.0-acetylene was used for \Y and Sc to prov1de
greater sen51t;v1ty. To.reduce matr1X\effects, the mafic and
.intermediate USGS standards AGV-1, BCRL1Yand BHVO~1 and GSC
standard MRG-1 were used as standard samples. MRG-1 was
‘omitted from the callbratlon curve . for Cr and N1 because, on
wplots of absorptlon tesponse Vs, concent;atlon ‘in solution, .
'yRG samples of_dlfferent dilutions formed a line whlch d1d _
not pass through the origin and which was.distlnct‘from, but
parallel tOf the curves formed by USGS standards, The. |
University of Alberta aliquot is therefore lower in Cr and
Ni,thanrthe'mean values fron'Abbey (1977), more realistic |
values beingl359‘and*l77 ppm respectively. Thisbvariation is
likely because the sample’is a gabbroh For similar reasons,
‘AGV 1 was om1tted from the Sc callbratlon curve. | Q%?
g

For the Pekanatui P01nt and Union Island Group lava§¢§

| gl 7
H O was determlned by Penfield tube and Coz.by a volumd@§1c :

.

technlque whereby the_samplevwas decomposed in 3:1 b01led,

W
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distilled H,0 and HCl and then the evolved CO, was absorbed °
in KOH solutlon (Shapiro and Brannock 1962) . .For the
rematnlng samples, Hzo and CO, analyses were produced by C.
Brooks at the Un1ver51ty of Montreal using a gas
chromatograph w1th an attatched furnace. Calcium oxalate and
calC1um carbonate were used as standards. The accuracy was
checked by-analyzing 'MRG-1,

The variation in oxidation ratlo 1n the Union Island
-Group was determined by analy21ng a‘small sample suite for
FeO by titration with,K-dichromate. |

*Major element analyses of minerals were.carried out by
energy - dlspers1ve electron mlcroprobe analysis u51ng an'

Applled Research Laboratorles/EMX electron microprobe f1tted

P
e

w1th an ORTEC energy d1sper51ve spectrometer. The latter
'uses an Li- drlfted 51I1con SOlld state detector. The'

: operatlng voltage and aperturercurrent were 15 kV and 0. 225
mA, respectlvely. Total live- tlme counts of 400 secs were
accumulated for ‘each analyzed sample, thlS being the )
aggregate of 2 to 7 individial analysls points per grain,v
For the_analysis of planioclase, a rastered beam was used
and 16’p01nts were probed on each ‘grain. Qhere p0551ble, the
‘sample was contlnuously moved across the beam to m1n1mxze Na
loss from volatlllzat1on. Where zoning was noted the entlre
analys1s time was restrlcted to one optlcally contlnuous
zone and both core and margln were probed in some cases. A

willemite standarddwas run before,and after each analy51s

session toycalibrate the location and distortion of each

- -
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characteristic energy pulse with reference to its correct

P

venergy location in the'multichannelvanalyzer. Displacement

in the position of the characteristic Zn and Si peaks was

used as the basis of the correction. The standards used'were

as shown in Table 1—1; The raw count data were processed

,absorptlon and fluorescence corrections as well as -

S

using-thevcomputervprogram EDATA (Smith and Gold, 1976Yik
which calculates,the atomic number of the standard.

./
correctlons for peak overlap and background 1nten51ty/and
adjustments for peak . shift and probe current drlft

Detectlon limits under these c0nd1t10ns tend to decrase w1th
elements of increasing atomic number from ~0. 2% for Na to
“0.03% for Cl. The detect1on limit then tends to increase
with increasing atomic number to ‘0.2% for in;‘The data was
stored on magnetlc ‘tape by the electron mlcroprobe
laboratory at the Un1vers1ty of Alberta under the title GOFF

EAST ARM. S _ ;,3'

¢ . .
" é

For Rb- Sr 1sotop1c analy51s, initially sixtéen Pearsonr

_ Format1on samples and twenty one Wilson Island’ Group<samples

were analysed semiqUantitatively for Rb/Sr by XRF. A sample
set with a wide range in"Rb/Sr'was then‘chosen'for isotopic'

analy51s. Wlth the exception of WI35D whlch was a rhyollte,

all Wilkson Island Group samples were fine to medlum ‘grained

ep1dote~alb1te—amphlbolltes w;th\VaLXing amounts of . biotite.

Y

‘'The Pearson Formation samples were‘pumpellyite, Fe-rich

epidote, actinolite - albite mafic rocks. All

carbonate-bearing samples were excluded.
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‘Rb.aﬁd Sr isotope dilution determinations were made on
"~ six samples from each syite which sho@ed-favourable rénggs
'ip Rb/Sr ratios. Each hj%ogeneous sample wgs‘chosen to
contain apprbximately‘zo micrograms of Rb or Sr and was
spiked with *’Rb or ';Sr.,Rb waS'separated with K as the
‘sulphate and cbnvéfted to the perchlorate, whg:eas'Sr was
sepafatedlby Ba(NO,), coprécipitation and purified in a
cation exchange column. Both sample sets were loaded on
triple-Re filaments for isotopic analysis, using a
singlq-fébussing mass épectrometer-with a 30 ém. radius of
'éurvétufe. ] |

For the Pearson Formation samples, replicaﬁe analysis
of the standard NBSOSRM 987 gave a best value of .'~’Sr/.'v‘S'r:”‘=
0.71067 -and *’Sr/*‘Sr ratios vere normalized to the accepted
value Qf'0.71017. Dﬁring analysis of the Wilson fs;anerroup
samples, repeated analysis of tﬁe sameléfandard‘was within
ﬁhe'errpr of the aqcepted value. ’

A decay chSfanﬁ for *'’Rb of 1.42 X 10"‘ yr-' was used
as suggesﬁed b§ the’Geochronology Sub¢omm1551on of 1976 -
'(Steiger add Jager, 1977) ﬁnd also as measured by Dav1s
et al. (1977)[ Ail other§Rb Sr dates quoted ‘have been
recalqd&atéd to this Vaiue;VOthef coﬁsténts eméloyed were
**Rb/*'Rb = 2.601 and wegr/iisr = 0.1194. All St isotopié "
data were‘nofmalized to this latter value. A whole-fdck
 Rb-Sr isochron‘;as‘fitfed using an(APL cbmputer proéram'
(RBSR-ISOCHRON) written by Baadsgaard and’ u51ng the method

of McIntyre et al. (1966) and York (1969). Quo&&d errors
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were at the 95% (2-Sigma) confidence level.

Clinopyroxene fractions ﬁere separated from cruShed ‘j} é_

rock samples using tetrabromoethane. The more magnetlc \gf :

fractlon was removed by a Franz 130 1sodynam1c separator,
e
and/the sample purlfxed by coarse-p1ck1ng under a bxnocular %

J
microscope. Surface contam1nat10n was removed from -the graln
surfaces b§ wash;ng in acetone, treatlng for 10 minutes in
warm 2,.5N HCl boiling in;concentrated Na,CO, solution, and
then 1mmer51ng for 26 minutes in 5% HF. The samples were |
then'checked again under a binocular microscope-snd
discoloured'or c10udy grains vere removed Final
concentrates of > 100 mg.per samples were used for Sr
1sotop1c analysxs (unsplked) and > 20 mg for oxygen 1sotop1c
analy51s. . |

Oxygeﬁ isotopic analyses of the rocks and minerals'ﬁere
carfiéd‘qut‘using the BrFs'mefhod (Claycon and Mayeda, L
1963) . The isotopic composition of sample x is given as;

_ 1
(0'*/0"¢)

X = —— =1 x 1000
(0'*/0'¢) std.

-The analyses are reported relative to Standard Mean Ocean

Water '(SMOW, Craig 1961, 10001naCO,-H,0 = 1.0407). ’
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APPEND IX II.

ENERGY DISPERSIVE JLEC'I‘RON MICROPROBE ANALYSES
OF IGNEOUS AND MEMORPHIC MINERALS ' ’

Y

e e
\
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| S4C-1  S4C-2 _ S4C-3  S4C-4  SD4-1  SD4-2
(MADM)  (MADM) “(MADM) (MADM)  (MADM) (MADM).

- 48.29 49.85 49.18 49,47;*i,50._ . 50.22

TiO, | 2.27 1.65 1.85 ~ 1.78 1.74 © o 1.66 .
Al,0, 4,37 %14  3.66 ° 3.45 | - 3.57  3.27 .
Cr,0; s T U T T =
V.05 , - e - = - -
- FeO tot.: 10.35 . 10.75 10.79 10,30 - 11.25 . 11,08
MnO . 0.14 . 0.14 . 0.17 0,07 ~ 0.25 . .0.19
MgO~ 13,82 14.48. 13,88 . 13.61 .. 14.16 14.02
, Ca0 20.17° 19.55 - 19.80 20,18 '19.50 19,53 - -
"Na,0 - . 0.27  0.1t5 - 0.21  0u10 0.24 = 0;18*, LI
Total " 99.67 . 99.72  99.54 98.95 - 100480 }gg; T Te
: B . ‘,Q -
a=F1 ©0.922 - 0.875 :0.895  0.889 .\0 895 '~0{863h” e
co-F2 2,470 12,477 2.473 “2‘45&“ 2.515 2,505, -
si ’ *1.819 . 1,873  1.854 1. 874;V; .866 .1.882
Al ivo - 0.181. " 0.127 0.146. -0.126 0 134 - 0.118",
Al vi - '0.013 0.012 ~ 0.017 ~ 0.028 0.023 . 0.0268 "
T 0.064 - 0.047 , 0.052 ° 0Q.051 ~ 0.049 0.047
SCro. = TR - -
V 5 ..‘ ;‘.o,..‘(’~ - - v e ‘ K - - X -
Fe 700326 .0.338  0.340  0.326 0.350 0.347
.Mn  '0:004 . 0.005 0.005 . 0.,002 0.006 0.006
‘Mg 0.776 ~0.811 ~ 0,780 0,768 ~ 0.786  0.783
Ca . - . . 8.814 " 0.787 0.s800 - 0.819 0.778 0,784
‘Na uf. ”ﬁgo 02@ gﬂo 011 0. 915 * 0.008  0.018  0.013.
v .'vCaSIOs 42.4 40°6 qg .5 - 42,8 . '40.5 . 40 8
. MgSio; - 40.4  41.8  4b.5  40.1  40.9 - 40.8
" (Fe,Mn)Si0O; 17.2 17.6 . 18.0 . 17.1 . 18.6 ~ 18.4
e ' PR
- Table II-1. Pyroxene Analyses  ;’
 *Oxygen was determlned by st01ch10metry assum1ng
total Fe as FeO. Structural formulae were
calculated-on a basis of 6 oxygen anions. F1 &
*  F2 tectonic discriminant functions were -
,_calculated ‘using- elgenvalues from Nisbet and Vo
Pearce. (1977) The index for the host rogck suite |
“is given in: brackets. The dash: indicates that = v -~
o  the element- was not detected. Reported .values of .
u v Na, Ni and.Cl are at the limits of detectlon. Bai’;as;
s ~ana Zn values -are not 51gn1f1cant.: S ‘ A
: : _ g'"": S : {‘
- ) . . . 5 W‘
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. SD4-3  SD4-4 - SD4-5-. SD4-6 "SD6-1 sns -2
‘GMADM) (MADM) (Mﬁpy)“,(MADM) ' (MADM) "(MADM)
~8i0; 50, 20 »,48 74 49,31 '49.82 ‘50 66‘ 51 19: -
¢ TiO, . 1.42  1.81 - 1.60 N 61 1.28 .13
‘-Algﬂb , 3 24 4,73 4,39 3,92  2.50 - J_93
o CrzO' = - - ‘ - . g
- V,05 - - = Pl =
‘FeO tot. ,10.%@ 9.45° 9. 78 10,40 12,41 12.46
- MnO 7 0,10  0.06 ~ 0.14 0.25 0.26
Mgo 14.54 13,92 - 14,18 14.27 - 14.49 /15 14 -
Ca0 '19.46  20.07  -20.03 ' 19.84 - 18.39 118.25 . :
"Naz0 . 0.19°. 0.17 . 0.28 . 0.24 : 0.17 . 0.10.
Total . 99.41 98.99  99.58 100.23  100.07
-=-Ft .- . 0.856° 0.879 0.870.° 0.879 0.851
-F2 =~ - . 2.465 2,454 - 2.452 . 2,483 2.504/
s 1.883  1.829 1.844  “'1.857  1.903 1.914
Al iv C0.117 . 0.171 . 0.156 0,143 0.097  0.085
Al wvi 0.027 , 0.038  0.037 . 0.029  0.014 - = -
Ti - 0.040 ° 0.051 0. 045_¢'0L045 0.036- 0.032
Cr - - - R S
Vo - = - T R il TANEN
.- Fe -~ 0.323 -0.297 0.304 0.324° - 0.390 .0.390
. Mn - 0.002 0,003 0.002  0.004  0.008 .0.008
Mg 0.813 - 0.779 0.790 - '0.793 , : 0.812, .0.844
. Ca L 0.782 ~ 0.807  0.802 - 0.793 " 0.737. 0.731
- Na. .-+ 0,014 0,012 0.020.. 0.018. ~ 0. 0121 ‘0,007
‘CaSIO 40,7 42,8 42,3 - 41.4 37;9 . 37.0
‘Mgs . 42.3 41,3 41.6 . 41.4 41.7 .42.8
(Fe )5103 17.0 f_1s 9 1641 17.2.: - 20.4 20.2
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C o Mn

€

(MADM) (MADM) (UIG1M) (UIG1IM) (UIG1M) (UIG M)
Si0, 50.24  49.93  46.81  46.50 27,68 47, 33.
TiO, “1.51 . 1.64 2.86  2.66 2.18 2.14
" Al,0, 3.14 - 3.26 3.82 °  3.52 3.56 3.45
Cr;0; - 0.90  0.07 0.05 = - .
VzOs ) ' = - .0" 20 R 0.18 . 0.14 _ 0.15
FeO tot.. .10.27 10.56  16.79 - 16.76. ~15.78 16.11.
Mno 0.19 0.13. 0.23  0.21  0.21 - 0.24.
. MgO 14.58 = 14.55 9.77  9.45 . . 10.04 9.87
- cao 19.58 19.80 ~19.58  19.48 19.90 -19.90
. Naz0 0.16 - 0.18 0.29 0.22 ~ 0.18 - 0.16
Total ~ . 99.65 100.05 100.42  99.06 ~ 99.71 . 99. 37
. ~F1 0.87+ 0.878 - 0.995, 0.973  0.946 0.942
~F2 2.489 2,478 2.469 °2.430 . 2.442 | 2.425
Si v, . 1.881° 1,868 1.8%0° 1.824 1.845 - 1.843 .
Al iv - 0.119° 0,134 *0.174 - 0.163. . 0.155 rqfns7 o
Al vi 0,019° - 0.099 . = - .. 20.,007 0,001
ST 0.043 0.08SuR 0. 083 0.078  0.063 0.063
Cr - - »003 . 0002 -~ 0,001 -
v - 0.005 0.005  0.004 -0.004 o
Fe 0.322 0.543  0.550 0.511 0.525
: . 0.006 ¢ 0.008 0.007 - 0.007 0,008
‘Mg - © 0B 0.563 0.552  0.579  0.573 .
ca - 0.7 .811° '0.819  0.825 0.830"
“Na »0.011 .022  0.017 0.013 - 0.012
I o 5 . S
CaSiOs, - 40.8 42.1 . 42,4 - 43.0 4259 %
MgSiOs 42,2 . 29.3 28.7 +30.1  29.6
(Fe,Mn)Si0, 17.0 28.6 28.9 . 26.9  27.5
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R L - - ir v o ’ ’
UI128A UI128A- UI12BA UI128A UI128A UI128A
=1 -2 . -3 - -4 -5 - -g

(UTGTM) (UIG1M) (UIGIM) (UIGIM) (UIGim) (UIGIM)

810,

Tlo# Q.

Al;0;
Cr 203
V.05

 _FeO tot.

MnoO
~MgOo
Ca0
Na ;0
Total

S =R
. -F2

“si
Al

CTi

Cr
\Y
Fe -
.. Mn
Mg
.Ca. .
Na

. CaSiOs
- MgSiO;

,(Fe Mn)SIO3

48.32  50.10 . 49.65 .49.21.  48.71 49.26

- 99. 44 ,»99.98¢ 799.13  99.83 ° 100.34% 100.32%

0.875 0.830° 0.819 o;aI!l:-io.aa4r 10.853
12,451 -2.473 2473 .2.470

02,490 - 2.483

452

1.59 . 1,16  1.21  1.44 1,71 - .1.45

3.55 ° 3.59 2,91 - 3.68 - 3,69 - 3.85

- 0.09 - e - 0.08 . . 0.06

.0.08 0.07 .~ . 0.08  0.08 0.14  0.16
14.87 11.00 13.10 ~12.88 - 14.58  12.31

. 0.30 0.19 - 0.26 = 0.26  -0.34  0.29

12,200 14,72 14.43  13.37  12.63 . 14.13

18.27 18.97 17.38 18.76  18.15  18.59"

0.27 . 0.10 ..0.11  0.17 = 0.24 -~ 0.16

¥. 857'“ 1. 876 . 1.888 1.864 - 1.851  1.852 -
0.143 0. 124 , 00112 0,136  0.149 _10 148
0,018 0484 . 6.018 ~ 0.028 -0.016 - 0.023
0.046 - 0*0 3¢ 0. 035/s 0.04t1 0.049 - 0. 04132

0.003" ’ - © . 0.003 0.002

- 0.002 . 0. ooz’* onoz“ ,0.002. ;0,004 - 0.004

0.478  0.344 0.417 - 0.40 % -0.463. 0.387

0.010° o.og§ ~0.008 t0.008 0,011 0.009
0.699  0.821° .0.818 0755 %~ 0. 715, 0.792
0.752 ~ 0.761 . 0.708 d.761" . 0.739 gko .749

'0.020  0.007°6.008 - 0.013 " 0.018 *0. 012“

38.8  39.4 36.3 . 39.4  38.3 $38.7

'36.0  42.5 = 41.9 39.1 '37.1 40,9
25,2 18.1 21.8 ~ 21.5 24.6‘ -20.4

+Both include 0.07% NiO.

x

s

-~
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. yr27-1 ur27-2 UI27-3 UI27+4 UI59A-1 UI59A-2 -
(UIG2M) (UIGZM)_(UIGZM?-(UIGZM) JIGDM) . {UIGDM)

$i0; . 46.63 ° 48.33 47.35 48.26 = 47.87 . 48.76
“Ti0o, . 1.80 1.68 2,32 - 2.09 - 2.49- 2.14 -
Al;05 4.28 4,91 5.19 . 4.52 3.66 ~ 3.05.

. Cri0s. . . .. 0,118 - 0:14 0.21 0.23 . - -o-
V205 - 0.13  0.21 0.09 .0.17 - 0.11
'FeO tot. 12.15 . 91.22 12,03 12.41  15.22 15,73
MnO . 0.18  0.15 y.13:- 0220 0:;20 - 0.25 -
Mgo 12.98° 12.82 1%.57 12.82  ~ 10.53 .10.54 7
Ca0. 20,30 20.95 . .19.90 19.86  20.04  19.33 :

" Na.0 o= = 0410 0.12

 Total’ 100.56 100.41 99.88 100.68

- -F1 '0.890 .0.882 -.0.914 0.911 .
-F2 . 2,459  2.435  2.454 2.476
AT U ‘1@832vg‘1.819’r:1.797.‘v .818
Al iv ¢ 0 0,168 G0.181 04203 ‘0.182
Al-vi - ©0.922 0 70,037 (RRNREER-0, 01
Ti © 7 0.051  0.048
Cr v } ©0.003  0.004 _X
SV - 0.003 ° 0.005 j
" Fe . -« 0.383 . 0.353°°
Mn 0.006 - .0.005

‘“;Mgillfy ¢ 0.729  0.719 QU

cafl%.  0.819. 0.845

Na 0 .= ko=
CaSiOj; . 42,3 44,0

. MgSiO, - 37.6  37.4
(Fe,Mn)Si0; 20.1 . 18,6

}
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U163-1 “H165-1 UI65-2

UI1eé65-3 -

‘sincludes 0.06% K;O

#1632 " UI63- v
(UIGDM) (UIGDM) (UIGDM) (UIGDM) ~ (UIGDM) (UJGDM)
810, "50.34. ~§1.52 ' 50. 27 51.05 50,67  "50.44
S Ti0, 1.28 0,69 1.39 1,18 1,16 131
Al,0; 2.42 'A1 39 2.99 2.11 7 2,49 2,49
- Cr,0, 0,08 . - 0422 - - =
Vs0s . ~i70,12 ~° 0.06 0.16 ~ - . - T e
FeO tot. 11.24 11.66  9.83 » 10.70 . {1.53 110227
‘MnO' 0:28  -0.21 - 0.17 0.2t _ 0.20 . 0.20
- Mgo 14,17 14.57 - 14.48 14,99 14,49  14.34
cao 19.47. 19,37 ~ 20.08 . 19,74 19.25.  19.76 =
Na,O 0.23 °° 0.16 . 0.19  0.23 0.29  0.27
. Total 99.69% 99.61 ~ 99.7%® 100.23 10008 -.100.04
- -F1 ' 0.868 ' 0.825 0.869 0.860  0.85¢ 0.870
-F2 2.475 2,455 2.468  2.482 2. 474, 2.470
si. . 1.899 1.%42 1.884 1. 909‘\ 1.903  1.896
Al iv " 7 . 0.101 . ,0.058 . 0.116 31~ ,0.097 0.104"
Al vi . 0.006 0.004.  0.016 0.013  0.006
T8 . 0.036 0.020" 0.039 ©0.033 0.037
. Gr  <$~  0.002 70.007 - -
¥, 0 0.003 ‘o.ooz 0.004 g - =
Fe . 0.355 . - 0.368 - 0.308 ¥0.362 0.353
Mn - 0.009 -0.007 0.005 ©0.006 0.007
Mg . 0.797 0.818 0.809 " - 0.811 , §.803
Ca 0.787  0.782 ° 04806 . 0.774 ° 0.796
Na 0;0]1*h_0’012 0.074  0.017 . 0.021-§8.020
CaSi0, . 4 40.4 39.6 41.8 - .-39.6 -40.6
MgSio; 40.9 © 41.4  41.9 © 42,5  41.5  41.00 J
(Fe,Mn)Si0, 18.7. , 19.0  16.3 1743 18,9 18 g

e
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UI101A UI102Aa UI102A° Uri02c urif2e, uUri02C
-1 =2 -3 -1 =2 -3
, (UIGDM) (U1GDM) (UIGDM) " (UIGDM) (UIGDM) (UIGDM)-
Si0; 50.98 © 50.91 52,01 . 50.93~ 51,04 'éé 71
- .TiO, 1.4 1.38 “0.87 1.01 - 0.81. 0, 6;, '
1,0, 2.3¢ '2.36 © 1.39  1.65 Age 1. -2
Cl'zO; - T - ' Y \ J
V.05 0. - - - ~ =
FeO tot. 12,11, 12,00  13.46 - 14.61 "18.55 20,31
MnO. . ©0.19 ~0.18  0.28  0.24. 0.42.  0.49
. MgO . 13,75  13.69 ' 13.84. 13.18 12,08 10 58 .
Ca0 " 119,93 ©19.93, - 1&92' 18.75 - 16769 17.18
Na .0 0.20.  0.14  0.15  0.10 - |
- Total 101.01 100,59 100.92° 100.46  100. 84 101 20
| :%3,\gv!iy¢@@ 0.890 0. 884“ 0.852  0.850 . 0.832 0,842
o -gz;ggg:f : 12y5ﬁn .2.49¢  2.512  2.478  2.516 2,498
N osi v 1,903 1,907 1.946 1.928 1"957; 1.947
©OAl iv. 0.097 0.093 ~ 0.054  0.072 . 03053 0,053
Al vi 0.006 0.011  6.007.7 0.001- , .0.003 0,005 ™
% S 0.040 , 0.039 »0.024 0.029 ~ 0.023  0.919
e 9. . o 0.029 0. 01
v 0.003 - -~ i ey o= e -
Fe 0.378 -0.376 0.421 0.462 0,592 0.652
Mn 0.006 ~ Ga@06 0.009 0.008 0.014 - 0.016
Mg 0.765 . ] 0.772 0.743 - 0+687 0.606
ca ©0.797 -0 0.759 0.760  0.682 0,707
~ Na '0.014° W 0.011 0.008 - -
* casio; 11,0 41,1 387 38.5 . 34,5 357 =
" Mg$io, 39.3 . /39.3 = 39.4  37.7 34,8  30.6
© {Fe,Mn)SiOs. 19.7  /19.6 - 21:.9  23.8 30.7 - 33.7
/ ’ v ) /
S v

-

PR



e

PESB-1 - F PE5B-3 . PESB-4 PE5B-5 PE10-71-
H ¢ PEM) (PEM) (PEM) (PEM) (PEM) (PEM)
Si0, 51.54 51.98 52,36 .51.87 52,23 52.76
TiO, - 1.46  0.34 0.29 0.32 0.36 0.25
Al,0, 1.86  1.83. 71 1,69 1194 1.52
Cr;0,; - - - 0.05 - =
V.05 © 0.10  0.11 . 0.10 o 06 . 0.12 -
FeO tot. 13.94. °'11.36  12.04 .50 10.83  12.04
MhO 0.23 0.17 0.24 ‘o 20 0.16 0.22
MgO - - 14.93  16.06° 16.85 16.77 --16.09 17.90
Ca0 16.24 17.02 - 15.68 ° 15 40 17. 36 14.23
.~ Na0 : - - L .-
‘Total mﬁsg‘ze 99.92%  99.28 97.86 99, 09 98.92
-F1 3 :g ' 0.749  0.731  0.721 | 0.756  0.704 L
~F2 . _ o 2.477 , 2:515  2.488 2,487+ 2.539/%
s & TR 1.952  1.957  1.962 1.954 1,969
¢Al,gv('r 0 052‘n%0 048 0.043 0.038 0.046 0.031
AL Vi '0:031 "0.033  0.032 0.062 0.039 0.036
Ti o£13 0.010 0.008 0.009 0.010 = 0.007
Cr - - 0.002 - -
4 0.003 0.003 0.002 - 0.003 -
Fe 41 0.352 0.376 0.364 0.339 0.376
Mn a 0.005 .0.008 0.006 0.005 0.007
Mg 0 41 ' 0.899 0.939 0,945 0.897  0.996
~.Cas o 658 ..0.685 - 0.628 0.624 = 0.696 . 0.569
Na. - . - [ . - - ! - )
CaSiO, 35?37\~ 35.2 3.2 T 32,2 35.9 29.2
MgSiOs -~ 43.2° 1 56.2 48.9  48.7 .  46.3 51.1
(Fe,Mn)sio, “'23,0 ,° 18.6 19, 19.( 17.8 19.7 -
aR. I . . : >

. PE5B-2

- 456

*includes 0.05% 2nO.

s



PE10-2

PE10-3

PE10~5

457

PV10-2

_ Na

’

(Fe,Mn)Si0s 16.2

*' includes 0.04%‘01\329 0.06% BaO -

£2 includes 0.16% BaO

PE10-4 PV10-1

- (PEM) (PEM) (PEM) (PEM) (PEM) (PEM)
$io, 52.53 53.10 . 52.61 51.90 51,54 50.91
TiO3 0.45 0.34 0.46  -0.30 0.37 0.37
Al,0, 1.89. 1.85 1.83 . 2.08 1.60 1.80
Cr,0; - 0.07 - - ’ - - .-
V.05 - - - ol - 0.14
FeO tot.- 9.95 10.12 10,03  11.37 12.28 13.17
MnO. 0,18 . 0412 0,17 0.17 0.17 0.21
MgO “f' - 16.48 . r46,15" 15.98  16.36 15.50 14.88
Ca0 ~ 18.06 18.43 * 18.37 16.62 17.58 - 17.23
Na,0 0.17 - 0.06 0 04 - . -
Total 99.88%' 100.27%* 99.51 98.83 99.03.. 98.71
-F1 0.780 ° 0.775 0.785. 0.738 ©.760. ~ 0.756
-F2 - 2.499 © 2,506 2.499 2.480 .2.452 = 2.437
si 1,948 1.962 1.958 1.949 " 1.947 1.938
Al iv ~ 0.051 0.038 0.042 0.051 0.053 + 0.062
Al vi - 0.032 0.042 0.038 0.041 0.018  0.019
Ti . - 0.013 0.009 0.013 0.008 0.011 0.01%
Cr 0.002 - - - - -
v = - - - - 0.003
Xe 0.309 0.813 -0.312 ~0.357. 0.388 0.419
Mn 0.006 0.004 0.005 0.006 0.005 0.007
‘Mg . 0.911 0.889 0.886 0.916 0.873 0.844
Ca - .0.718 0.729,., 0.733 .0.669 0.712.  ,0.703

0.012 - 0.005 _0.003 - -
CaSiO, 36.9 37.7, 37.8 34.4 36.0. - 35.6
MgSio, 46.9 45.9 45.8 , 47.0 = 44.1 “42,8

16.4 16.4 18.6 19.9 21.6
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|

PV10-3. PV10-4 PV10-5 =
(PEM) (PEM) -~ (PEM)

5i0, 49.83 '50.65 51.60 o :
Ti0, . 0.58 0.46 0.45 o R
Alea ) 1.47 1.99 1‘71 : ‘;“\k

Cr;0, - - . - ‘
V.05 - 0.09 0.07 . - .

FeO tot. 20.01 15,14 14,07 -

no 0.3t 0.24. 0.25

g0 11.07 13.96  14.99 AR . _
Ca0 16.25  16.94 17.19 . .
Na,O 0.08 0.06 - . :
Total 99,59 ' 99.55% 100.34.

-F1 0.799  0.771 0.773

-F2 2.435 2.447 2.484

si 1.940 1.929  1.938 SR
Al iv. - 0.060 0.071  0.062. .

Al vi . 0.007 . 0.018, 0.013 .

i ™* 0.017° 0.013® 0,013 |
Cr - - e ., .
v - -0.002 0.002.

. Few 0.652 0.482 0.442 :

. Mn w. 0,010, 0.008 0,008 o
Mg 0.643 - 0.792 0.839 S |
Ca. ~ 0.678° 0.691 0.692 .

Na »+. 0.006 04005 - ‘ a

' . | : S SRRTEE
‘Ccasi0, - 34.2 35.0  34.9 (

MgSiOj 32.4 40.2  42.4 -

(Fe,Mn)sio, 33.4 24.8 22,7
*incluées 0.04% KO



459

Mg

Ca’

i

is given in brackets. Dash indicates that

'WI40B-1 WI40B-2 WI40B-3 SD6-1 ' SD6-2 . SD6-3
(WIGM) . (WIGM) (WlGM) (MADM)  (MADM) (MADM)
Si0; 66.97 ' 66.58 67.10 56.02 - 55.84 54,12
TiO, 0.09  0.10 °  0.00 0.11 ~ 0.09 0.25
Al,0; .+ °19.89 19.23 19,79 25.92  26.52 27.08
" Fe;0, - 0.74 1.42 0.76° 1.22°  0.98 1,23
MgO 0.14 0.39 : 0.16 0.15 - ¢ . 0.13
ca0 0.83  0.70 0.54 9,52 10.12 10,97
- Na,0 10.83  10.77  10.97 5,83 5,56 5,04 -
KO 0.54 0.42  0.78 0.44.  0.39 ° 0.42
“Total 99.96  99.49 100.03 -99.21 99,50 99.24
| | |
i 2.948  2.952 2.954  2.543 2,532 2.473
Al iv 1.032  1.005 = 1.027 ° 1,386 1.418  1]459
7y 1 0.003  0.003 0.000 0.004 . 0.Q03 0.009
Fe 0.025 = 0.048 0.026° 0.042 0.034  0.042
-0.009  0.026 0.011 0.010 B ©0.009
. 0.039  0.033 0.025 0.463 0.494 0.537.
‘Na 0.924 0.926 ~.0.936 0.513 . 0.490 0.446
0,030  0.024 0.044 - 0.025 ~ 0.023 '0.024.
. . 'l ) . o .
or . 3.0 . 2.4 4.4 2.5 2.3 2.4 \
Ab 93.0 94,2 931 51.5 48,7 44,3
An 4.0 - 3.4 25  46.0 49.0  53.3
Table II-2. Plagioclase analyses ' - | Vo
o Oxygen was-calculated by sto1ch10metry. \
. Structural formulae calculated on a basis of 8
NG oxygen an1ons.,The index for the host rock suite

element was not detected. Values for V¥ Mn and -
Cr are at the limits' of detectlon. Values for 2n

are not 51gn1f1cant. '

&



't,%" | - E . ,

RGBT R . | | to
) | ¥1128A UI128A UI128A UI128A ~ UI128A UI128A i
-1 =2 -4 ° -5 - =7
| (UIGTM), (UIG1M) (UIGIM). (UIGIM) (UIGIM) (UIG1M)
510, 54,26 56.32  53.06 ' 53.56  52.40 52,77
TiO, 0/i0 0.18 . ~-. ~ 0.08  0.09. - 0.06 .
Al,0, , . 26.99 25.86  28.18  27.68 27.76  28.20
Fe 0, 1.50  1.37 1.10 1.17 1.18 1,28"
Mgo 0.11 0.17 - 0.13 . 0.15 0.13 0.13 " -
Ca0 10.61  9.75 12,58 11,97 ~ 12.76 12.71.
K20 '0.83 0.62 0.32  0.37  0.34 0.28 -
,Total 99.15 99.88#' 99.53 99.47 _ 98.79  99.56
si  2.492 2.557  2.430  2.453 2;fé3*”§f250' ;
Al iv 1.461 1.384. 1.521 1.494  1.513 1,524
Ti . 0.003 0.006 - . 0.003 . 0.003  0.002
Fe 0.052 0.047 0.038 . 0.040 0.041 0.044
Mg .0.008 0.011 0.008 0,010 0,009 . 0.009
Ca - 0.522 0.474  0.618 0.587 0.632 0.624
Na ~ 0.423 .0.490 0.368 0.399  0.370  0.369
K, ot 05245' 0.036 0.019 (.021  0.020. 0.016
. . . N ' S ’ ) v . e )
or ‘a4 306 . 1.9 2.1 2.0, 1.6
s AD 4206 49.0 36.6  39.6 . 36.2° 36.6.
)-fkp ,  '52.6 . 47.4 ' 61,5 58.3  61.8  61.8
o S el | |
%' includeg 0.06%/CrQs -~ T R
\ ) ‘ i ‘ o
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t

REPAIEA R SR
UI63-1  UI102A, UI102C UI102C UI102C. 9944 o
R -1 e R N
] (UIGDM) (UIGDM) (UIGDM) QUIGDM)(UIGDM) (KAPGGM)
Si0, 53,90%?¢52,53« 59 .75  60.45 '60.53 ' ''68. 75
Al,0, 2%.39 20.21 * 24.77" .36 24.29_‘ ‘19, 34 ,
. Pe,0, . 0.3  0.73 "Jd8.86 r 0.81 0.21—
MgO. 0.47 0.24 0,17 = T - 0.07 -
a0 7.06 1.5 7.71°  6.93 6.81 - 0.08°
"+ . Naz0 7.07_  10.60. - 6.64 6.98, 7.16. 11,39 . .
R0 - 0.81°  0.19- . 0.6¢ O, ss .0.66 0,39 .-
Total 99.47 100,78%" 100 44 100.22 100.36 .100.20 , = .-
., )'}A - . oo ,; . b
N i . ‘ : ‘ .
si- % 2.663 2,944 . 2.667 2.699 2.599 ° 3.000
Al iv 1,299 1.039 1.303. 1.281 1.276 *° 0.995
Ti 0.003 - 90.003 -  0.003 -
_ Fe . 0.034 0.012 - 0.024 0.029 .0.027 0.007 .
- Mg - 0,01t 0,013  0.007 = - - 0.005%, =~
- ca 0.342 / 0,073  0.369 0.331 0.325  0.002 ;
Na 0.619 - 0.896  ~ 0.575 0.604 0.618 - 0.964 *
K 0.047 -0.011" "-0.036 0.037 0,038  0.022 - 7
~or 4.7 11 3,7 3.8 . 3.9 2.2 oo
Ab 61.4 91.4 |58, 5 62.11 63.0  97.6
An 33.9 7.5 13707 L 3alh 133,10 0.2 -
i | | | . o "\“v . ] ‘ o l‘n <
#' includeg 0.11% Zno .. | A+ / o



"?45&62 68, 78

il Toéai[

  Ofl”-  ':
‘ab .9

-
A A

ngm)

A ppas-a p‘44\3\w BE10-1
, ;;<2~: ‘(KAGPPM) (RAGPPM)

PE10 2

il

(PEM)

7? ¥;fllI'E?jf§'

panré
“(REM’

pvo7 1
(pzw)

I

- ‘Fe . 'u‘O 007

Mg‘ ”w 75

:fO\¢N t

_ca0’  2 o 05¥'J=
K30 5”> ?_0 38

0 989

~Ca . 0 003
~Na ' - :'0.958 "
LR 0. 021

“#includes 0.

:1»0»;'@-
WO

-y o 19.19 R
".ffF6203'>‘; 0 21 '

.30 1

X ,,99‘-_-9_1 e

11% Zno,

oonw
W W

éa 09
0.07

9.51-
0.43 . -
; o;ozgfw.
0.07
0,97
.30.59“”

9}795

12,988 -
uﬁ1 009“
0. 002-;
0.014
. 0.004 .-
0.003
0.933 . -
0,033

*}19 74
0.28

o, 43:”

o
N O =
L OMN

' 68 75

11,47
0.22.

1fido:99

2,986 ' 2. _
JQ01002 ;; T e
0.012

111,010
SN

‘~_._

;jo;13‘,;

0,009 0,
.0lo08
©0.016

';o.ozof

0.965

0.012"
©0.009

6
'1

s

10

7. 99,r
0.06 "
9.51"
0.36

0 12¢

0 16,Vf 

0 43*ﬁf

2.978

‘ﬁ“0£967 :
0.016.

6:8  o
1.6

_;19 ss;f‘
S0.30 7
L 0l51ff”
L11.36

1 0.22
0« 14

iss,vo

"’59 58'5 
Te0,120
268,730
-0.80 -
0.07" .

8,20,

o1

t2,632°

1.340

"\ 04004
00,027
0,005
©0.388 .
. 0.557 .
:CQTOQO38§ "

6.50
o 0.67



Sy " B

SR N \j':pvov"z" " P'vd# -3 onm PV07-5
-~u,l4§';$;_ (PEM) (PEM) :(PEM)'J;'(PEM)

'*»jisioz?77fgsz,9q 63 79 - 55.83 . 58. 275?“f73
Tios o 010 - 0.16  0.08 - 0.07

4;;T5A1;o;.._;26 45" 22 62 - 26. 200 25,39 Y

ok T 0.79 Co1.20
o MgOTT o 0409 - -0 u\;;4'0 A9 e
.oca0 T 919;;»&55L'] fJ162fg<;E£ﬁ"-;f],,””~ ’
. Naz0 ' 5.68. 5,70 - . 5.6l 6.61 .
'!1‘K50.?a;;‘ 0. 67'? 1.54 7 2,27 2,28 0

893 0. 79:¢5g

-Si;‘,‘:'-12f586;;‘2.801' 2,557 - 2,640 .
CAL dvoc o 1.3920 0 1.170 ;~.,L;4147_ 1.356 . /
T .;;0.003;«110 005 0,003 0.002/ ..
. Fe . 0.030 \Q26ﬂv,_Q0;052u;1,0¢041ﬂfj'“"~‘"7
Mg o= 0. 006\_;.’ ‘0.018 - . 0. 013,*
- Ca o .0.440 0.3P6 . - 0.374 0 0.27%°
. . Na - 0.492 - 0.%¥85 - 0.498 = -0, 58(
K. 70,038 0. 086__5;;0;133‘. 0. 132

©or 3.9 eup
S oAb . 5017 - B5.3
CoAn a5l s3e9

Tjii?inciuqés;O;pﬁ;@gi,b;%éﬁa \05% Vzo5‘¥-' i}f; e



. wWI8B-1
oo (WIGM)

| WIBB-2
(WIGM). :

WE :?3' WIBB-4
(icw

(WIGM)

f?wzas -5

(WIGM)

N
PR

SlOzid”.ﬁ
TIOZW I

A1203‘;%df“

FQint L
FeQ -
MnoO

MgO

(of-Yo)

K0
‘in
51

Al 10.
Al vi

R

i o

Fe’*
Fei?:
Mn
Mg |-
Ca | -
Na
R0 e
cl o
r&; .
antions’

Fet ,Mnnﬁu
; Na[M4l
[

[
Thble,;x—s

,\‘\ N

NazO oo

f;40;46J1

0,38
12,89
8,16

40.8¢
O 03 7”7 L
8\} 19 -

- 18. 81.7

0,53
 f4.40‘?
11.69
1.36
.25

':'0;13‘

64246
1,754

0.591

- 0.040
1.318
I"2 059:‘
07069

1,071
- T9933
0,409

15.675
:37988

Amph1bole analyses d;ﬂ

Oxygen was calculated ‘using stolchlometry. Fe2037 R
for actinolites was calcualted using Fe?*/Fe?* =

7’0;000‘

10,74
. 1.53.
'U1;20.;

'.0;12?

T1B;85

. 0.47
4.58

~,/ff351

1.649 -

°0,580°

0,048 -
1.332

2:079 -
0.061
1,062
©.1.790
L o 0,460
.. 0.245
270,035

0.238

15.646

0. 158

0 052

0.031-

- 40,50 -
N 55?7
2;11 97
C8.19.
-18.88
©.0.48
5.68: .
9, 381*

0.99:

2,29
'7*0 11/v’

: 6‘3155?*

1.685 .

.VO 516
0. oqzti
w1 3375
-2.086

0.063

1.320
1.567

0.295 =
0.455

'ko.029
is;joz.

0.385

,0.048ju

SN

v39h

0

13
B

0.
‘4,
11
1,

1. 27/
'/o

15.689 .
0.080.
0.000

99“”
29 - .
#3100
.04

59 .

51 -
25f}.
57ugm

44

15

6;268

1,792
0.644"
0.034
1.304:
,2.048.
0. 067,g
0.983
1.924
°0.433
0.252
0. 0394

2

”40y36} |
'0445">
13,
8
18.
© 0.
4.27
.45
1044

.26

.d:

12,92

~B:04
18.59 -
--0.54
o 4.48

11 <43
1 32
.35

:’dO 13d‘

76 247

.753

¢=o 603
.__o 053

300
“2 042?
0.071-

1.033

1l835 -

0.397
- 0.266

10,034

'15.660
’m'o

0.003

{{0

39

0

11

0L
_ 0.
a1

2,
0.
0

;0.

15
0.

0. 35, an average value ‘for actinolites from
low-grade terrains from the data of Deer et al.

(1963).

F6203

‘using FeO total

1877 .

for hornblendes was calculated

-0.365 Fe;0,-+ 3.8 based on
~hornblendes from an ‘epidote ‘amphibolite terrain -
(Grapes et ‘al.

brackets for each’ analy51s

52

27

1Sfj

C 6,213
623 .
040"

WIBB-6 .
~(WIDM)

.86 -
J34
1
05
61 -

312

059.

.068

993
1,913
434
250
i 0.080

692;
095
000 . -

Structural-formulae are-
_“'calculated on a basis of. 23 oxygen anions

~ anhydrous using the procedure of. Leake (1978).
The index for the host rock Suite is given in =
Dash indicates that
7\~element was not detected Fluorine was sought -

but not detected. Values for Cl are real but are

LA

t‘close to the detectlon 11m1t 1n WI4OB
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75,52 1B 50
0 8.75. 8u67. -
o ',1 2.53 .- 1283 -,

L :' 0. ‘79 \0.66 ‘;;//-‘,“ ‘,'

' \ A U12.56%70712,39 .. 12,29 12.4%

oo Cao. ,y:,“w11:1574'10 18 11,53 11.80.°  11.69 17.92 - .
.;.;Nazo : L 1,49 . 0,79 .- 0. 89 0.75. 0. 75 ” /0380“p
UKg0 T 1038 70,230, 0.15 \9’20‘” ESEaEs 38
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CoTiOR. i . 00,407 51023 . =
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1,891

0, 341,7
1,468 .
0.020-
2.730
0.020

- 0:01%

_fo 024

52 30 ’

5/57 ) e

v 13269
0,715
12.27

12,11 12.33

o R
. o M g PR
i : . L ‘. Lo 5
. e il i o "' v
. e
S

U163 3 U163 4

'52 7925;;,
“”{5{38;;'7>'

0;19«gj: Q,

I 0007

- 0.254
}'0 013

1. 516 2470 .

).023

2.59¢
. 919 e 939
: .ko 020

14.949"
0.006

N 4 ;1p.p4f=f_aff
o  \Y_;, f-vc-

7‘746 .

0 803 V"

.683

14.959
0.000




§95s?fﬁ5)f'7' *f; “;k ;7 f‘ié?‘iff'h,'7*7‘c775i:<5‘;fi *qf?f; Q«7174577x;"J
U118+ UZ1182°U111853 UI118-4 GI39A-1 UT3A-2
L (UIGIM)=%UIG1M) (UIGTM) (U1G1M) - (UIGZM) (yrG2M) |
I Sle ;Q]" 28. 77 2. 20 27 94 28. 24“;‘128 05 ’29 92 -
TRy e e T AT S |
Lo Al30y a7 a7.s4 . 18, 72;1 16.62
" FeO tot. . 28
. MnO
SR -
. ’Na.zQ; C
SR  $1o Kt R
' 'l(H"o.)fﬁ‘-

. 0.127 . 0,26 7 0,22 /"
- V3.88 17.39  18.56.

o012 0,120 -0.21
0T - - .
.19;82- 10,97 11,00

\
\

'Si @ . T 6:019 ';5.769)f'5.§77'J15\973_,f,5{793 6,134
AL 3\ S0 T1.9810 20231 2:123° 2,027 0 2.207  1.866
AL L 2,341 2,513 2.413 . 2. 341;;.¢z.352 2,152
B IR W Comlle el =
.~ Fe 5,019 5,195 5,110 5.049 - 4.152° 3.950
©oo.Mno 70,032 0+019 ' 0.028 0:021°. -0.045 . 0.038
Mg . . 4,356 4,103  4.,260.  4.375 " 5,353 5,671 -
Ca . 0,047  0.024 ' 0.034  0.027  0.627  0.046
© T Na S S
MR 000 0,051 0.042. ,0.022 - 0.045 - . =
. Fe/(Fe+Mg) = 0.535 - 0.559 (0.545 0.536  0.437 0.411

Loa

'Tableﬂii;4 Chlor1te analyses., ”;f | R B

J;Oxygen vas calculated by st01chlometry and H 0o
by difference from 100% ‘Structural formulae .

"~ were caleulated on a basis of 28 oxygen anlons,
;.;anhydrqys..The index fbr the host rock suite is
“ <. givenin brackets. Dash indicates element not

4:;328 54. 24,03 23.03. 1

‘detected. Values for Cl and Ni ate close to the . N

~'limits 'of detection. Values for zn are not .
351gn1f1cant. G o L -



x! 1nc1udes 0\12% S and 0 03% Cl(

;

*3 ;n¢ludes 0.09% NiO and: 0.06% zno

. s , 3 468  ' ‘_‘
' UI39AY UI39A U653 PESB-1  PE10-1 . BVO7-1
~-3A%' . -3B ..1*3. ‘ . . R
(U1G2M) (UI1G2M) {UIGDM) "~ (PEM) . . (PEM) (PEM)
- 8§0, 29, 50‘“:29 41 | 28.22 28.50 28.78. 30.75
4 TTO, . = s SR -
VAL0s. T 18.04 1742 17s 15.25 . 15.09
' FeO tot.  23.19 23,32  26.95 68 26.93
MnO | 0.26 0.27 . 0. .19 0,18
MgoO 17.68 ° 18.22 16,483 1,36 16.03
~.cao 0.14. 0.09  of .22 0.37
'""Na,0 b - e 0.10 0.05
K.0 P Yt A T
(H,0) 10.61 7 11.10 - 10.60  10.33 * 10,41 10.65
Cosi 6.042 ' 6.051 5.881 6.172  6.194 6.371
Al iv 1.958 -+ 1,949 2.119 1.828 . 1.806 1.629
. Al vi ©2.390° 2,204 2.101 2,148 2,062 24056
b Ti © - - . - : ) "
“Fe 3.972. 4014 4.697 6.228  6.061 Wece
Mn 0.045 0.047 0.040 0.050  -0.035 "0.024
- Mg . 5.397 5,586 5,103° 3.370 3.642  4.950
ca 0.030 . 0.020 0.027 * 0,043  0.052 0.082
Na - .- 0.041 0.020
‘ K . . E - V - . = - Lo
‘Fe/(Fe+Mg)v~ 0.424 0.418" ok379- 0.649  0:625- 0,485
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PV07-2 PV07+3 PViI0-2. PV10-2
(PEM) . (PEM) (PEMQ (PEM)
Sio, 30.62 © 30.73 , 31.29 31,07
TiO;. - ;- N < -
Al,0; 15,21 15,17 " 14,51 14.91
FeO tot. = 26.84" '27.10. '28.19 28,19
Mno 0 0.20°  0.19 0.22 . 0.2t
Mgo . . 16.14 16,08 15,14 . 15,45
- Ca0 '~ 0.39 0.25 0.47 0.51
Na .0 - 0.05 - -
K0 . 0.06 . 0.04 - -
(H,0) 10.56 . 10.39 . 10,18  10.68
'Si 6.339 6,355 6.488 < 6.488
Al iv 1.661 - 1,645 - 1.512 1,512
Al vi - 2.050 2,051 - 2,033 1.979
i M A A :
. Fe © 4%646 4.687 ' 4.887  4.92: )
Mn 04035 0.033  0.038 .0.038
- Mg 4.980 4.957 4.679 4.714
Ca 0.087 0.054. 0,104 -0.114
Na oo~ 0.021 - -
K. - 0.015 0.010 -~ » =
 Fe/(Fe+Mg). * 0.483 0.486 0.511 0.511
. e . y . . ,
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Ep Ep Pu Pu Pu  Sp
WI40B-1 UI65-1 PE10-1 PE10+2, PE10-3 PVI0-1_
(wiGM) (uiGDM) - (PEM)  (PEM) (PEM),  (PEM)
Si0, 39.48 37,67  36.06 35,32 35.33 32,10 °
TiO; - 1,73 - = 0.05. - 31,63
Al;0, . 23,52+ 21,73 12,70 11,07 @ 11,46 = 3,35
Cr,0, |- - 0.08 . 0,05 - - -
Fe,o, tot.. 13.69  14.20 B
FeO tot. PR 21.87 20.%2  22.33 - 4, 209
MnO . 0.28 - - - -
~ Mgo - .- 1.25 1,97 1.79 - 1. 1,
™ ca0” 22,63 23.17 21.21 24,75  20.99 26, 03
(H,0) - 0.41 1.50 6.83  6.77 8.10
Total -+ 100,00 100.00 100.00 100.00  %00.00 98. 30
Si . 3.075. 2.995 6.139 5,972 - 6.100 1,065
Al 2,159 2,036 2.548 -2,205 2.332  0.131
Ti .= . 0.103 - 0.007 0.790
Cr - o= - 0.011  0.007 - -
Fe 0.802 0.850 3.114  2.830 3.224 0,113
Mn ’ 0.019 - - - - -
Mg .= - 0.317 0.496 0.461 0.055
Ca - : 1,889 .974 3.869  4.484 3.883 0.926
Ps% 27.1 - 29.5 ‘
Fe/(Fe+Mg) ’ 0.908. 0.851 '0.875

Table II-5. Analyses of epldote (Ep) pumpelly1te (Pu) and
sphene (sp).

- Oxygen was calculated by 5901ch10metry and H,;0 ‘
by difference from 100%.

for REE.

and sphene,
pumpellyite (Coombs et al.,
contents, ie. ©100Fe**/(Fe®*+Al) are given f

epidotes. The index for the host rock/su1

- given in brackets

Sphene was not: analysed‘
Structural formulae were calculated on
a basis-of 12.5 and 5 oxygen anions for epidote_:

1976) .

respectively, and Zcations=16 for
Pistacite

-

is
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'APPENDIX I11. WHOLE-ROCK MAJOR AND TRACE ELEMENT ANALYSES.

3\
\‘\'\\. . .

| \ < .

o1- Hy and Q-Hy refer’ to the normative compositions of maflc
and intermediate sampfbs which show alka11 and Cao contents
'characterlst1c of fresh 1gneous rocks, according to the
dlscr1m1nat10n routlnes of Ch. 8

* marks maf1c and 1ntermed1ate composxtlons whlch cla551fy
as unaltered, accordlng to t e same technlques, but whlch |

‘ sﬁgw no normatlve diopside.

# marks felsic comp031tlbns whlch can be s1m11arly

_ c1a551f1ed as unaltered ,\\

‘Major element and- trace HFSE anal;ses, by XRF, n;re carrxed
out at the Un1ver51t1es of Durham (D), and McMaster (H). H;0
and CO, analyses were determlned at the Un1vers1t1es of

Montreal (M) and Alberta (a). (see Appendix I,).

'N.B. The maJor elements are recalculated tc'100% excluding
volatiles "The second decxmal place has llttle 51gn1f1cance

for any of the elements llsted

\
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