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ABSTRACT

The Pater metavolcanic suite (PVS) was extruded as part

O'f the basal Pater Formation of the Huronian Supergroup ca.

2.4 Ga. They Ars classified as wi thin-plate tholeiites

associated with an immature ri-fting episode, and are

inter layered with associated vol cani clastic and

metasedimentary units.

Post-solidif ication alteration caused redistribution o-f

the alkalies, Sr, Rb, Ba, Cu, and SiO^. Ce, Y, Zr, CFezOs

(as total Fe), Al^Os, TiOa, and, PaOa are considered to have

remained essentially immobile in least altered samples.

Petrogenetic modelling indicates the PVS was derived

from the partial melting of two geochemical ly similar

sources in the sub-continental lithosphere. Fractionation

was characterized by an oli vine-plagioclase assemblage and a

sub-volcanic plagioclase-clinopyroxene assemblage.

A comparative study indicates that enrichment of the

postulated Huronian source cannot be reconciled by Archean

contamination. Enrichment is thought to have been caused by

hydrous veined metasomatic heterogeneities in the

sub-continental lithosphere, generated by an Archean

subduction event before 2.68 Ga.
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CHAPTER ONE

INTRODUCTION AND GEOLOGY

1.1 SCOPE OF RESEARCH

A quantitative assessment of the chemical nature of the

Pater metavolcanic suite (PVS) with respect to lithospheric

source composition and post-solidification alteration has

not been undertaken previously. As a result the genetic

relationship of the PVS with respect to other metavolcanic

rocks of the Huronian Belt is not well understood. The aims

of this study include: 1) evaluating the degree of secondary

alteration; 2) determination of the tectonic environment; 3)

postulating a fractionation assemblage, and; 4) examination

of the relationship between other Huronian metavolcanic
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9

sequences in an attempt to quant i-fy the upper mantle

conditions during the early Aphebian.

1.2 PREVIOUS WORK

The north shore o-f Lake Huron and Lake Superior

represents one o-f oldest geologically investigated areas in

Canada. Bigsby (1821) published what is probably the -first

scientific paper on the region in the early 1800' s.

However, the term 'Huronian' was not applied to the

metamorphosed sediments and volcanic rocks that

unconformably rest atop the Archean crystalline igneous and

metamorphic complex until 1848 when Murray (1849) and Logan

(1863) published their de-finitive works. Research into the

area was -fairly extensive until the late 19th century.

However, it was the discovery of copper (Ingall 1904) that

ushered in a new age of economic expansion which culminated

in the discovery of uranium (Abraham 1957; Robertson 1963).

Although the economic potential (cf. Robertson 1970;

Frarey 1977; Bennett 1978, 1982) and evolutionary history

(cf. Roscoe 1973; Young 1983) of the Huronian Supergroup

have been studied in great detail, relatively few projects

have examined the localized volcanic rocks on the north

shore of Lake Huron with respect to geochemistry. Knight

(1965, 1967) and Innes (1977) did some early work while

Gumming (1986) and Jolly (1987a, 1987b) have recently
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6

studisd the Elliot Lake and Thessalon metavolcanic sequences

respectively.

1.2.1 Location and Access

The PVS is located at Spragge, Ontario, 120 km to the

west of Sudbury. The study area closely -follows the

Trans-Canada Highway (17) and thus allows easy access.

Sampling in the southern portion of the study area is

facilitated by boat.

1.3 GENERAL 6E0L0GY

1.3.1 Regional Setting

The Huronian Supergroup is preserved in a 322 km by 64

km arcuate belt of variable (maximum IS km) thickness on the

north shore of Lake Huron (Mossman 1983, see Fig. 1.1).

Unconformably resting on Archean granite-greenstone basement

rocks, the sequence contains 12 km of mainly quartzose

terrigenous sedimentary rocks (Roscoe 1973) that thicken to

the south. The maximum age of the Huronian is probably less

than 2.S Ga while the Nipissing Diabase dated at 2.2 Ga

(Corfu and Anders 1986) demonstrably cut the sequence. An

age of 2.33 Ga has been determined by Frarey et al . (1982)

for the Creighton Granite which cuts the lower Huronian.
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Fig. 1.1 Location Map
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Since this post-dates the Huron! an Supergroup it must

represent a mini mum age. However, Card et al . (i972a) have

suggested that the granite is an intrusive equivalent to the

lower Huronian rocks; this then suggests a maxiniufii age of

2.3 Ga for the Huronian Supergroup and gives an indication

as to the ambiguity prevalent when attempting to accurately

date Huronian events.

Extrusion and deposition of the Huronian Supergroup

occurred after cessation of the Kenoran Orogeny. This

deformational event was completed by 2.68 Ga when the area

is reported to have been tectonically stable (Frarey and

Krogh 1986). This was followed by uplift of the essentially

granitic Archean terrain. Card (1972b) has postulated that

the clastic Huronian Supergroup wedge was then deposited on

an uneven weathered surface from source rocks located to the

north, west, and east. An aulocogen model for the Huronian

has also been suggested by Young (1983) whereby deposition

occurred along the northern edge of an easterly-trending

fault-bounded trough, associated with a possible ocean to

the southeast. Oepositional environments related to an

east-trending continental margin (Van Schmus 1976) or an

intracratonic rift (Sims 1980) have also been suggested.

The Huronian sequence is subdivided into 4 groups

(Table 1.1). The basal Elliot Lake Group contains abundant

volcanic and volcaniclastic rocks in the lowermost

formations. The Hough Lake Group is composed of
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TABLE 1.1 Huronian Formations . (modi-fled -from Young 1982;
Roscoe 1969)

GROUP FORMATIONS LITHOLOGIES

Cobalt

Bar River

Gordon Lake

Lorrain

Gowganda

quartz ite, red
si Itstone

varicolored
siltstone

quartz ite, arkose

reddish, argillite,
conglomeratic
greywacke, grey and
pink arkose

Quirke Lake

Serpent

Espanola

Bruce

arkose, subgreywacke

dolomite, silt-
stone, greywacke,
limestone

conglomeritic
greywacke

Hough Lake

Mississagi

Pecor

s

Ramsay Lake

subarkose

argillite,
siltstone

conglomeratic
greywacke

Elliot Lake

McKiffl

Matinenda

Copper Cli-f-f

Thessalon Pater Stobie

Livingstone Creek

subgreywacke,
argillite

gritty sub-
arkose

acid volcanics

basic volcanics

subarkose
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conglomerate, argil lite, and quartzite and is overlain by

the Quirke Lake Group, which consists of conglomerate,

abundant carbonate, quartzite and siltstone. The Cobalt

Group represents the stratigraphic top of the Huronian

Supergroup and is composed of conglomerate, quartzite, and

siltstone (Frarey 1977).

The volcanic rocks of the Elliot Lake Group were

discontinuously erupted during the first of four Huronian

transgressive-regressive sedimentary cycles (Zolnai et al

.

1984; Jolly 1987a). Post-Ni pissing (Penokean) horizontal

compression folded and buried the supracrustal rocks of the

Huronian Supergroup including the volcanics to depths of 15-

20 km which produced ductile deformational features and peak

metamorphism ca. 1900 Ma (Zolnai et al . 1984). A later

related brittle thrusting event rotated the southernmost

sections to near vertical as the Huronian wedge was thrust

over the Superior craton.

1.3.2 Local Setting

Three tentatively correlative mafic volcanic formations

comprise the Elliot Lake Group (Thessalon, Pater, and

Stobie) as shown in Table 1.1. The Thessalon Formation

consists of amygdular to massive volcanic rocks of basaltic

to rhyolitic composition (Jolly 1987a). The Pater Formation

is restricted to a lenticular band (10 km by 500 m)
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truncated to th« north by the Murray Fault and to the south

by Lake Huron. It is entirely within the Southern

Structural Province. The Stobie Formation is a succession

o-f mafic lavas and sediments that outcrop near Sudbury

(Roscoe 1969{ Card et al . 1977).

As mentioned above the PVS (Fig. 1.2) is considered

correlative Mith the Thessalon volcanics 90 km to the east

(Innes 1977; Roscoe 1969). Although these two -formations

are lithologically similar a stratigraphic correlation

cannot be ascertained for two main reasons. 1) Penokean

overprinting has disturbed Rb/Sr age determinations at the

PVS (Knight 1967) and; 2) the PVS is nowhere exposed in

contact with known Keewatin or related Huronian group rocks.

Evidence of stratigraphic ambiguity exists. Frarey (1977)

places the Thessalon Formation and by analogy the Pater

Formation stratigraphically above the conglomeratic

Matinenda Formation. This is contrary to the stratigraphic

placement proposed by Young (1973) and Robertson (1970). At

present this contradiction has not been resolved.

The most reasonable date for the formation of the PVS

is a U-Pb zircon age of 24S0 •4-2S/-10 Ma (Krogh et al . 1984).

This determination, of the Copper Cliff rhyolite, which is

interpreted to be super adjacent to the Pater Formation

(Frarey 1977; Roscoe 1969), approximates a possible minimum

age for the PVS.

Two main structural features »rm visible in the area.



r^:uo^.

J ,JC

av-T

:-3 :..-J :''^

.2--l,n,-i.-i'^ '' Ji ay ^

;"'.C x:J>i

. i

i;t, ••q-ii(V-

1
•j~~'.

"tj i'rliVi- V 10

iM-iryr

;-!(.'

s

• ' P<;'-'^

. X

-.-E r---':)=l

jt

..j.-c3^ :,



12

ths Cutler Granite to the east and mouth, and the Murray

Fault to the north (Fig 1.2).

The Cutler Granite, is at its closest point, 0.6 km

-from the PVS. An age o-f 1750 Ma has been obtained -for the

granite (Wetherill et al . 1960). The Cutler Granite is

considered to have quiescently intruded along shallow

structural weaknesses. The temperature o-f the intruded rock

is not considered to have been much greater than the

intruding granite (Cannon 1970). Cannon (1970) has

suggested that contact metasomatism rather than metamorphism

is associated with the intrusion o-f the Cutler granite. The

actual extent o-f metasomatism is not known (Cannon 1970|

Robertson 1970; Wetherill et al . 1960).

The Murray Fault extends -from Sudbury through the study

area to approximately Sault Saint Marie where it extends

into Lake Superior (Fig. 1.1). Horizontal displacement

along the -fault approximates 1.5 km north side east in the

vicinity o-f the PVS (Robertson 1970). A vertical component

of 1.5 km south side up (Ginn 1961) is also suggested -for

this area.

An unknown number o-f reactivation events along the

fault zone (Zolnai et al . 1984) has led to development of

profound penetrative deformational effects on the rocks of

the area. Extensive foliation has obliterated original

textures. Localized retrogression (chapter 2) suggests that

some of the secondary mineralogical and chemical alteration
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in ths area is related to the -fault. These -factors give an

indication as to the di-fficulty in distinguishing individual

flows or units.





CHAPTER TWO

PETROLOGY

2.1 DESCRIPTION OF UNITS

Three major units have been identi-fied within the study

area (Fig. 1.2). Progressing in a southerly direction,

these are: 1) a metamorphosed vol cani clastic unit; 2) a

metavolcanic unit; and 3) a metasedimentary unit.

Unit descriptions o-f each type, together with

discussions concerning occurrences o-F metadi abase and

anorthosite, are given below.

14
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2.1.1 Metamorphosed Vol can i clastic Unit

In this study the phrase ' volcaniclastic' will refer to

a volcanic sequence -formed after only minor amounts of

secondary (either subaqueous or subaerial) movement or

weathering. The term volcaniclastic is used because the

original fragmentation of the volcanic rocks cannot be

further defined to be the result of weathering (epi clastic)

or due to mechanical breakage during movement (autoclastic)

.

Primary features indicative of pyroclastic activity are not

visible.

Being the most northerly unit, and therefore closest to

the Murray fault, the volcaniclastics were subjected to a

more intense degree of deformation than the other two units.

This leads to difficulties in discriminating between the

discontinuous volcaniclastic and the metavolcanic unit which

can be seen as mutually interf ingering lenses in some

localities. In outcrop the volcaniclastic unit is

recognized by its lighter green-grey color and a more

distinct schistosity than the more competent metavolcanic

unit. The volcaniclastic unit exhibits a variable sheen

reflecting greater proportions of micaceous minerals, which

are clearly visible on foliated samples.

The unit was originally resolved microscopically and

this classification was subsequently extended into the

field. Rarely angular to rounded macroscopic felsic clasts
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are visible. One such occurrence can be -Found at sample

site B59A-C at the far east end o-f the study area, within 20

m o-F the Murray Fault (Fig. 1.2). These clasts display

distinct -flow structures and barely discernible carbonate-

-filled shadow zones (Plate 2.1). These zones mimic right-

lateral movement along the -fault.

The clasts range -from being so small as to be barely

visible to about 4 cm in diameter and, although they were

not directly sampled, microscopic analysis indicates a

lithological similarity to the metavolcanic unit. This

suggests that the volcaniclastic unit may be derived from

reworking of older metavolcanic sediments. It is entirely

possible that the volcaniclastic unit represents an

epiclastic lapilli tuff in which all primary structures were

obliterated by subsequent penetrative deformation.

Pyroclastic deposits have been noted in other localities

along the Huronian belt (eg. Bennett 1982; Young 1982).

Microscopic examination indicates the volcaniclastic

unit to be plagioclase and chlorite rich with variable

quartz and amphibole (actinolite dominates over hornblende).

Minor epidote is also present. Biotite, white mica

(muscovite?) and carbonate (calcite?) are common

constituents. Chlorite and carbonate Are considered to

result from retrograde metamorphism. This effect is most
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Plate 2.1 Felsic clasts associated with -Flow structures and
shadow zones.
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pronounced at the east end of the study area near the Murray

Fault.

The southerly dipping (83* to 89*), 50 to 150 m thick

vol cant clastic unit was originally considered to be a

greywacke by Knight <1965>. While this is a reasonable

designation based on its association and lack o-f sorting it

is -felt that its chemical a-ffinity with the metavolcanic

rocks, the gradational transition to volcanic zones and the

fact that the rocks may represent basaltic lenses

intercalated with sediments and/or pyroclastics, is best

demonstrated by the term volcaniclastic or volcaniclastic

greywacke.

2.1.2 Metavolcanic Unit

The schistose steeply dipping metavolcanic unit

predominates along the southern extent of the study area.

Some interf ingering metasedimentary (section 2.1.3) and

volcaniclastic units are present in the sequence. However,

their relationship is not well known due to poor exposure

and gradational boundaries. Interlayered sediments »re

commonly reported in Huronian metavolcanic sequences (eg.

Bennett 1982). The metavolcanic unit is medium to fine

grained and melanocratic with occasional amygdule lenses.

The presence of amygduloidal metavolcanic rocks in the

study Area, have been reported previously (Knight 1965).
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However, de-formation has obscured many o-F the primary

features. Robertson (1970) suggested the amygdule-like

-features to be the result on metamorphic segregation,

whereas Knight (1967) noted di-Fficulty in distinguishing

amygdules -from de-formed phenocrysts of feldspar or quartz.

This variety of opinions attests to the inherent difficulty

in identifying features that have subsequently been altered

and deformed. In addition, most amygdules arm infilled with

quartz, although chlorite and epidote filled vesicles are

common elsewhere in the Huronian volcanic belt (Gumming

1986| Jolly 1987a). The author considers the amygduloidal

zones of Knight (1965) to be less extensive than previously

thought.

A deformed area one hundred metres from the fault at

sample locality AS3 is considered to represent an

amygduloidal zone (see Fig. 1.2). GKiartz filled amygdules

form four definable flow top breccias each possessing a

uniform flow width of approximately 8 m with a gradual

contact between amygdule-rich and amygdule—poor zones. The

nearly vertical flows ars not mappable or traceable beyond

the outcrop with the exception of one locality (see sample

C74, Fig. 1.2). Outcrop C74 is not well exposed and

probably has not been mapped previously. Its location along

strike from the amygdule zone at locality A53, and the

mineralogical similarity between sample C74 and A53 suggests

that this is probably the same unit or amygdule zone. In
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accordance with the two areas relative position it is

unlikely that a fault, postulated by Robertson (1970),

bisects the two outcrops. However, a -Fault is present in

the area as indicated by the abrupt change in lithology.

The area has been remapped (see Fig. 1.2).

Top orientations ars di-f-ficult to distinguish due to

the gradual contact between amygdule rich and amygdule poor

zones. However, based on the assumption that the tops of

flows are marked by an increase in the abundance of

amygdules or cavities, the up (younging) direction is likely

to the south-east in agreement with pillow evidence

preserved on the fault bounded, unnamed island almost along

strike to the southwest. No other amygdule zones or units

resembling flow top breccias were identified.

Microscopically the metavolcanic unit is mainly

composed of hornblende, actinolite, chlorite, and epidote. A

more detailed examination is given in section 2.2.

2.1.3 lietasedimentary Sequence

In Spragge Township the mainly quartzose

metasedimentary unit outcrops in limited exposures along

Lake Huron. Diamond drill core data from the Pater Mine

(Fig 1.2) suggests an approximate thickness of 0.6 km

(Knight 1965). A sharp contact exists between the light

colored metasedimentary unit and the darker metavolcanic
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unit. Its southern contact with the Cutler Granite, in the

study area, is covered by the waters of Lake Huron.

Because of poor exposure, relatively few samples

represent the unit as a whole. They can be described as

quartz mica schist and micaceous quartzite. In thin section

ubiquitous sericitized plagioclase and quartz with minor

sub-parallel biotite and white mica (muscovite?) are

present, see also Knight (1965).

Included in the metasedimentary unit is a dark-colored

chloritic amphibolite schist of variable composition. These

schist units are more easily weathered and are represented

by low-lying outcrops generally confined to the south-

western section of the study area where they are truncated

by the Murray Fault. While the rocks tend to be fine

grained, rare, locally developed, metaconglomerates are

exposed along the shore (eg. between sample sites D79 and

B68, Fig. 1.2) which contain medium sized (2-7 cm) clasts of

granite, quartzite and amphibolite. Clasts are invariably

stretched, flattened, and/or altered. The degree of

deformation ordinarily depends on the proximity to the

fault. This further limits the possibility of determining

the origin of the pebbles.

It should be noted that a great deal of similarity

exists between the fine grained members of this dark

metasedimentary unit and the volcaniclastic rocks generally

to the north or east. Identification can be made on the
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presence of clasts o-F a foreign nature which would imply a

metasediment. Often this method of distinguishing these two

lithologies is unreliable due to poor exposure or

deformation. It is probable then that the relationship

between the two units is more complex than indicated in

Figure 1.2.

2.1.4 Metadi abase and Anorthosite

A metamorphosed intrusive rock composed essentially of

amphibole, chlorite and epidote has been previously reported

in the study area (Knight 1965, 1967j Robertson 1970). This

metadi abase is of an unknown chronological or genetic

relationship to the other lithologies present, other than

its crosscutting character. Cannon (1970) considered them

to be correlatives of the Nipissing diabase. The intrusives

are extremely difficult to identify as they are similar to

the metavolcanic unit, both in texture and mode of

occurrence, in addition they have been subject to a similar

amount of metamorphism and deformation. The major

difference between the metadiabase and the metavolcanic unit

is grain size. This criteria is not completely reliable as

deformation and recrystallization has disrupted the original

grain boundaries. Chill margins are not evident.

While a more extensive study is necessary, the

similarities between the two rock types may suggest that the
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metadiabase dykes were basaltic intrusions that represented

feeder dykes which -fed the lavas.

At the southern extent of Strong island (Fig. 1.2) a

contact between the undifferentiated ntetasediments and a

metadi abase intrusion is marked by the appearance of

abundant garnet (almandine?) in the metasedimentary unit.

This garnetiferous zone is the only occurrence of garnet in

the study area, although the mineral has been reported by

Robertson (1970) within IS km of the site. It is postulated

that the intrusion at this locality is identical to those

composing the majority of the two unnamed islands to the

east. The three islands are parallel to the structural

trend, and are of similar lithology and mineralogy. These

are the largest accumulations of metadi abase in the study

area.

In association with the garnet along the southwest

shore of Strong Island is a light colored intrusive body

less than 0.5 m wide and 8 m long, crosscutting the

metadiabase (Fig. 1.2, see sample location A33) . It was

mapped in the field as a pegmatite however microscopic

examination indicates that plagioclase (An 37) comprises 95%

of the rock with biotite and chlorite making up the balance.

The most comparable reported intrusion is that of an

anorthosite located 80 km to the east (Robertson 1976). It

is interpreted to be co-magmatic with the basal Huronian

volcanics (Card 1978; Young 1982). The PVS anorthosite
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displays similar An contsnts but possesses a more diverse

mineralogy including chlorite and hornblende derived from

pyroxene. A quantitative assessment of the relationship

between the anorthosite, the metadiabase, and the

metavolcanic unit is not possible at this time.

2.2 PETROGRAPHY AND MINERALOGY

One hundred and eighty four thin-sections of the

metavolcanic and volcaniclastic unit, from the Spragge Area

were examined. The microcrystalline lavas essentially

consists of plagioclase, amphiboles, epidote, and chlorite.

Modal analysis was not implemented due to extensive

recrystallization.

2.2.1 Plagioclase

Plagioclase occurs in two distinct formss 1) anhedral

,

laths that range from 0.2 - l.S mm, averaging approximately

1 mm; and 2) microlites. Regardless of form they are usually

replaced by one or more of calcite, chlorite, epidote,

and/or albite. Twinning is usually indistinct or not

visible but where present. An content ranges from 5 - IS and

25 - 65. Low An values are generally confined to samples

where the dominant amphibole is actinolite (Plate 2.2).

Serrated plagioclase microlites are generally extensively

altered and enclosed in an aphanitic groundmass of
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Plate 2.2 Actinolite and plagioclase under crossed polars,
both are relatively "clean" with only minor sericitization
o-F the plagioclase. Anomalous-blue chlorite, forming at the
expense of actinolite can be seen on the left side; it is
pleochroic pale green in plane-polarized light (X 4).
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amphibole, chlorite, epidote, biotite, quartz, and minor

sphene.

2.2.2 Amphi boles

Hornblende, as the dominant type of amphi bole over

actinolite, was distinguished primarily on the basis of

higher birefringence and larger extinction angle.

Hornblende, ranging in size from less than 1 mm to

approximately 5 mm is generally better preserved than

actinolite. Boundaries are sharp and grains often show a

preferred orientation rarely with opaque rims that are

probably due to the formation of magnetite by the oxidation

of iron.

Weakly pleochroic actinolite is often eroded by

chlorite, epidote, and calcite but may also show sharp

boundaries (plate 2.2). It possesses a random orientation

of single prismatic grains (0.5 mm to 4 mm), aggregates, or

fibrous aggregates. The transitional nature of this

amphibole series makes identification difficult but

suggests, with increased An content of the plagioclase, that

metamorphism did not proceed much beyond the greenschist

amphibolite facies boundary as actinolite is not considered

stable beyond that transition (Winkler 1979).
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2.2.3 Other Minerals

Globular pistacite dominates as the main epidote group

mineral with minor clinozoisite as determined by optic sign,

color, and birefringence.

Quartz concentrates in the metavolcanic rocks as

veinlets, segregated pods, or in amygdules (Plate 2.3). In

the volcaniclastic or metasedimentary rocks quartz is rarely

not recrystallized with extensive subgrain formation, the

development of which is more acute proximal to the fault.

Chlorite occurs in a wide spectrum of interference

colors from red-brown to light grey-blue indicative of

variations in Fe and Mn content (Phillips and Griffen 1981).

The embayed nature of chlorite on both actinolite and

hornblende grains suggests non-extensive retrogression of

the metamorphic assemblage. This effect is especially

prominent near the Murray Fault.

Erratically distributed garnet grains arm present in

only one locality as inclusion-filled porphyroblasts (Plate

2.4). Sphene, as globular masses, apatite, hematite,

pyrite, and other opaques occur sporadically throughout the

sequence.
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Plate 2.3 Quartz amygdules with hornblende, chlorite
(middle left), and epidote (bottom right). Taken under
crossed polars (X 4).
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Plate 2.4 Poikilitic garnet
under crossed polars (X 4).

with hornblende and quartz.
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2.3 METAMORPHISM

Th« alteration of the lavas essentially involved the

hydration of the igneous assemblage and the replacement of

pyroxene, olivine and calcic plagioclase by secondary

amphiboles, albite, epidote and quartz. Actinolite is

altered to blue-green hornblende especially near plagioclase

grains and with advancing grade of metamorphism is converted

entirely to blue-green hornblende.

Retrogression is evidenced by chlorite embaying

actinolite and hornblende. Although no direct evidence in

the form of actinolite corroding hornblende grains exists,

actinolite may represent the retrogressive counterpart of

more extensive prograde metamorphism.

The evidence presented above and supplemented by Card

(1964) indicates that the PVS was probably metamorphosed to

very low amphibolite facies at pressures greater than 1.4-3

kb and a temperature of approximately 600 'C (Winkler 1979),

2.4 SUMMARY

Three distinct lithological units have been identified:

Da highly deformed volcaniclastic unit along the northern

margin of the study area; 2) a metavolcanic unit along the

southern extent of the field area; and 3) a poorly exposed

metasedimentary unit. The complex thermal and deformational
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history of the Spragge area caused extensive

recrystallization of the original rock and has effectively

destroyed most primary features. The southward steeply

dipping units (78* to 88*) have been metamorphosed from

upper greenschist to very low amphibolite facies with

subsequent retrogression, prominent near the Murray Fault,

marked by the appearance of brown to blue-green chlorite

embaying amphibole grains.

Based on lithologic similarities the metadi abase

intrusions may represent feeder dykes. The anorthositic

intrusion is possibly related to anorthosites which are

CO—magmatic to the basal Huronian volcanics.
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CHAPTER THREE

GEOCHEMICAL ALTERATION

3.1 INTRODUCTION AND ANALYTICAL PROCEDURES

Samples were taken for analysis -from a number of

traverses perpendicular to strike, and -from areas sampled in

detail (Fig. 1.2). Samples with extensive brecciation,

veins, discolored weathered sections, or amygdules, were

avoided if inclusions proved too abundant to warrant their

removal when viewing them through a binocular microscope.

All samples were initially ground to 180 mesh using a

carbide tungsten disc mill. Duplicates of selected samples

were powdered in a chromium steel planetary ball mill to

discern the effects of Nb contamination, as perceived by

Hickson and Juras (1986). Result are recorded in Appendix

III.

Analyses were performed on a Phillips PW 1450

sequential automatic X-ray (fluorescence) spectrometer,

using a Cr source. Preferred standard values of Abbey

(1983) were employed for both major and trace elements.

Analytical error for major elements at the 99% confidence

limit are: SiO^, 0.55%, AlaO,, 0.64%, EFe^Oa, 0.25% (total

32
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Iron as EFe^Os) , MgO, 0.32%, CaO, O. 10%, Na^O, 1.4%, K2O,

0.07%, TiOa, 0.06%, MnO, 0.04%, and PaOa, 0.06%. Trace

element concentrations show a greater variation at

approximately 12% o-f the accepted standard value. Ni and Cu

may have an error o-f up to 17% and Nb up to 14% at low

concentrations. Y and Ce have increased error o-f up to 20%

and 25% respectively, for extremely low concentrations. Cr

and V could not be analysed due to the nature o-f the source.

Two samples were subject to additional investigation by

instrumental neutron activation and delayed neutron counting

(for uranium) by Nuclear Activation Services, McNaster

University. Detection limits in ppm are: Th 1, U 0.1, La

0.1, Ce 1, Nd 3, Sm 0.1, Eu 0.05, Tb 0.1, Yb 0.05, Lu 0.01.

Several additional samples -from Jolly (1987a, 1987b)

and Gumming (1986) from localities along the Huronian Belt,

Thessalon and Elliot Lake respectively, are also considered

in this study. Analyses are listed in Appendices I and II.

Post-solidi-f ication alteration o-f Precambrian volcanic

rocks is widespread (c-f. Condi e 1976; Si veil and Foden 1985|

Ehlers and Lindroos 1986). Common e-f-fects include the

formation of hydrous and/or carbonate minerals, the addition

or leaching of soluble constituents (Carmichael et al . 1974)

and the oxidation of Fe»* to Fe=** (Cox et al . 1979).

Changeable metasomatic conditions, involving

temperature and variation in the fluid phase, may cause

elements such as Ti , Zr, Nb, P, and Y which are commonly
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considered to be immobile (Pearce and Cann 1971; Floyd and

Winchester 1975; Meschede 1986) to exhibit signs o-F

redistribution <Val lance 1974; Hellman et al . 1979). These

studies illustrate the importance o-f the -fluid phase in

determining the extent to which certain elements become

mobile. It is desirable then to determine the magnitude of

element transport, and therefore the parental composition

before an attempt is made to classify rock types using

standard variation diagrams or prior to resolving source

compositions.

Attempts in this study to relate the chemical mobility

of specific elements (eg. CaO, NazQ, KzO) to the most likely

recent sources of secondary alteration including the Cutler

Granite and the Murray Fault were generally unsuccessful.

Figure 3.1, shows that K^O, NazO, and CaO concentrations are

not directly proportional to distance from the Cutler

Granite, perhaps due to the extremely small sample area and

the numerous sources of alteration in the deformed sequence.

Unfortunately the complexity of the field area did not allow

for the selection of samples that were influenced by only

one potential source of alteration, and consequently the

extent of metasomatism from any one source cannot be

determined. Thus it can be seen that primary geochemical

variation has been obscured by regional metamorphism,

faulting, and several intrusive episodes resulting in

secondary adjustments in chemistry. The latter effect can



Tl-

i'lQ

-"n



Wg.O

/
\

3S

ICjO

I -

o -

1.5 -

125-

1.0

.75-

.50-

.25-

O
12 -

10

8 -i

CaC 5

a -

2

O -^

INCREASING DISTANCE FROM BATHOLITh-

Fig. 3.1 KzO, Na^O, CaD in weight percent V5 distance.





36

be seen, to varying degrees, in all samples regardless o-f

proximity to -fracture zones.

Several -factors such as limited exposure and a complex

de-formational history limit quantitative study o-f chemical

mobility in the study area. However, to resolve relative

geochemical variations three separate methods o-f examining

secondary alteration are considered. Initially within

sequence geochemical data ars compared with one another, in

the latter two sections the chemical relationships between

two relatively unaltered relict -flows and the PVS are

examined.

3.2 SECONDARY MOBILITY

3.2.1 Within Sequence

Metavolcanic rocks are subdivided into two groups: 1)

Samples with a large proportion o-f secondary minerals, such

as carbonate (calcite?), or subjected to more intense

de-formation are termed most altered basalts (MAB) . These

specimens are often -found to concentrate near the fault or

the granite. 2) samples displaying less extensive alteration

are referred to as least altered basalts (LAB).

Two versions of each X-Y diagram is presented in

chapter 3 (and 4). One plot incorporates a compilation of

all analyses, the other consists of nine LAB which are
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considered separately as they are used to de-fine

fractionation trends (chapter 5) and ultimately source

compositions.

The incompatible alkali elements are renowned for their

increased mobility, and their behaviour in the PVS is no

exception. To test the mobility of the alkalies they are

plotted against an element that for this section will be

assumed to be of restricted mobility. TiO^ is used here as

it is generally considered immobile (Pearce and Cann 1971,

1973; Meschede 1985). The widespread presence of small

secondary sphene grains in an altered matrix within flows,

suggest that TiOz, released by the degradation of

clinopyroxene and/or Fe-Ti oxides, remained relatively

immobile on the scale of hand sample sized specimens. This

then indicates the bulk rock concentrations of TiOa are

probably representative of original abundances. Coherent

covariant plots with elements of differing chemical

behaviour, such as EFeaO,, PaOe, and AlaO, also serve to

demonstrate limited TiO^ mobility.

KsO concentration in the samples range from 0.06 to

3.52%, generally higher than expected for thol elites. A

majority of samples in Figure 3.2 seem to be enriched in KzO

while a few plot below 0. IX which suggests leaching by

secondary fluids. In Figure 3.2a no discernable trends arm

visible, however an abrupt change in the K^O/TiOz ratio with

increasing TiOz is evident in both Figure 3.2a and 3.2b.
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This di-f-ference cannot be explained by -fractionation or

partial melting events (chapter 5) and instead is

interpreted to result from secondary alteration.

Rb (Fig. 3.3) and Ba (Fig. 3.4) show a great deal of

scatter when plotted against TiOa, but display good

correlation with KaO (Figs. 3.5a and 3.6a> suggesting that

the samples have been enriched and depleted in these

elements in a manner similar to K2O.

Veinlets and vesicles in-filled with calcite testi-fy to

the mobility of CaO and Sr both of which display

considerable scatter when plotted against TiOa (Figs. 3.7a

and 3.8), however Figure 3.7b indicates that the CaO/TiOa

ratio decreases with increasing TiOs. In addition there is

a good relationship between loss on ignition (LOI) and CaO

(Fig. 3.9). If COz was a major component of the fluid phase

CaO could normally be expected react proportionally to

increased LOI. The data does not indicate a definite

increase of CaO with LOI and indicates that the fluid phase

was CO2 poor.

Sr also correlates fairly well with LOI (Fig. 3.10) and

CaO (Fig. 3.11), but does become enriched in some cases

where CaO is depleted. This correlation indicates a similar

mobilization pattern for the two elements which may be

related to direct leaching as opposed to dilution effects.

The increased scatter at low LOI concentrations may reflect

control by plagioclase and secondary epidote.
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HFeaOs concentrations are generally high in all

samples. And it is therefore interesting that there is a

direct relation between the amount o-f EFezOs and the LOI

content of the samples (Fig. 3.12). This may indicate

increased mobility of iron at high levels of LOI.

Conversely, Figure 3.13 illustrates the linear relationship

between EFeaOs and TiOa and suggests that EFeaOa is

essentially immobile. AI2O3 (Fig. 3.14b), P2O0 (Fig. 3.15b)

correlate well with TiOz, as to a lesser degree does, Y

(Fig. 3.16b) and Ir (Fig. 4.6b), which are subject to

increased analytical error. This coherent behaviour with

elements of differing chemical properties tends to confirm

the relative immobilities of these elements. In contrast,

Nb, Ni, Cu, SiOa, MgO, and Ce (Figs. 3.17 - 3.22) show

greater variability. Cu has been concentrated in the area

as mineralized pods and veins, possibly associated with the

Nipissing diabase (Robertson 1970; Card et al . 1977). The

presence of chlorite testifies to the mobility of MgO. SiOz

appears to be mobile, attested to by secondary quartz in

fractures and veinlets.

3.2.2 Logarithmic Molecular Proportion Ratio Plots

Beswick and Soucie (1978) have proposed a graphical

method of determining semi -quantitative major cation

divergence from primary compositions. They have termed this
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the logarithmic molecular proportion ratio <LMPR) method.

This method assumes minimal SiO^ mobility and constant AlzOs

and is based on the presumption that all volcanic rocks,

regardless of origin, will fall on an average log—ratio

trend. Definite trends Are discernible from over 500

sources of unaltered data. However, due to scatter these

same trends do not terminate in a well defined manner,

allowing the maximum K2O correctional factor to be subject

to misinterpretation. Nevertheless it is felt that while an

absolute correction is in doubt, the method provides a good

relative estimate of elemental changes in the primary source

composition.

MAB and LAB were examined and their logarithmic

corrections to the molecular proportions Are given in Table

3.1. Although the magnitude of the correction factor varies

considerably for K2O and NaaO, the direction of cation

movement in the sense of depletion or enrichment is

consistent. A positive value indicates leaching whereas

negative values suggest addition of chemical constituents.

Fm, defined as the sum of FeO, MgO and linO is not

uncorrected as a method for differentiating the three

components from each other is not possible at present

without knowledge of the original FeO/ligO ratio (Beswick and

Soucie 1978).

Two samples, because of their location and differing

mineral assemblage, were selected for detailed examination:
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TABLE 3.1 Logarithmic Corrections to the Molecular
Proportions of MAB and LAB

OXIDES MAB LAB

SiO,
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1) sample Al, an actinolite, biotite, epidote rich rock

proximal to the granite (Fig. 1.2) and; 2) sample D81B

composed mainly of hornblende and chlorite located -Furthest

from both the intrusion and the -fault. Corrected oxide

values (in weight percent), along with concentrations

presently -found in the rocks are given in Table 3.2.

With the exception o-f SiOz, there is a distinct

similarity between the corrected oxide values. The

anomalously high corrected SiOz value for sample Al is

unlikely, the abundance of mafic minerals suggest that

rhyolitic-dacitic compositions are less plausible than

basaltic. This method suggests that SiOz variability is

greatest in the Area closest to the Murray Fault and the

Cutler Granite. No increase in SiOz content is apparent

with respect to distance from the fault (or granite)

possibly due to the limited exposure. The variable nature

of SiOa may be related to: 1) reactivation of the Murray

Fault (Zolnai et al . 1984); 2) its increased solubility as a

result of acidic hydrothermal fluids emanating from the

Cutler Granite and; 3) its introduction to the area by the

Cutler Granite. This is evidenced by large ubiquitous

quartz veins and a variation in concentration greater than

one weight percent in some samples taken only centimeters

apart. The assumption of minimal SiOz mobility is thus

negated and leads to graphical inconsistencies which are

especially prominent for SiOz and Na^O. The increased

scatter of the LAB samples is demonstrated in Figure 3.23

where they plot off the unaltered LMPR trends.
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Fig. 3.23 LMPR plot. LAB samples (see text)

After Beswick and Soucie (1978).
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TABLE 3.2 Corrected oxide and original values, in weight
percent.

Al D81B
OXIDE CURRENT UNALTERED CURRENT UNALTERED

SiOa
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Metavolcanic rocks along the Murray Fault but distant

from the granite tend to show corrected oxide values similar

to those exhibited by metavolcanic rocks closer to the

granite. This may suggest that the latest alteration event

is directly related to movement along the -Fault. However,

other major alteration events such as the intrusion of the

Cutler Granite may also have influence on the corrected

oxide values of samples in this area. If it can be shown

that metasomatic activity associated with the granite does

not encompass the whole of the map area then it may be

possible to distinguish fault related alteration. No

metasomatic aureole can be defined for the Cutler Granite

due to: 1) the small number of strategically placed sampled

sites; 2) overprinting caused by metadiabase and olivine

diabase intrusions and; 3) the abrupt change in lithology

over small distances. However, corrected oxide values of

specimens located at a greater distance from the fault, but

still between it and the granite, resemble those recorded

for the LAB. The inference then is that the LAB Are out of

the sphere of influence projected by the granite and that

the fault represents a later loci of metasomatism than the

granite.

Petrographic data does not directly support this

conclusion. Pervasive subgrain formation of quartz in the

LAB with a definite preferred orientation of elongate

minerals, generally decreasing with distance away from the
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shear zone indicates the extent o-f deformation that is

probably directly attributable to the Murray Fault Zone.

HoMever, it would be extremely difficult to distinguish the

present-day fabric from a parallel one inherited from events

that occurred prior to the last movement along the fault,

postulated at approximately 1 Ga (Zolnai et al . 1984). An

age of 1750 Ma (Wetherill et al . 1960) for the intrusion of

the Cutler Granite is older than the last movement along the

fault and agrees with the hypothesis that the fault was the

latest source of secondary metasomatism in the LAB.

3.2.3 Mass Balance Relationships

Gresens (1967) stressed the importance of not comparing

element mobility based solely on bulk rock composition when

composition-volume relationships can be determined. This is

especially true when considering rocks that have been

subject to deformation. In this section composition-volume

relationships are applied to bulk rock compositions toi

1) determine if the LMPR assumptions are valid

2) determine the relative mobility of elements

between the MAB and LAB and the

volcaniclastic unit (VCC)

3) determine the relative differences in the

degree of metasomatism between the LAB and
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the least altered Huronian basalts from

Thessalon

Following Gresens (1967) it can be shown thati

where Fv = the volume -factor; g** = sped -fie gravity o-f the

altered rock; g^ = speci-fic gravity o-f the parent rock; C** =

concentration of component 'n' in the altered rock; C^ =

concentration of component 'n' in the parent rock; and X,, »

the amount of component 'n' lost or gained. The term parent

rock is considered here to mean a rock that has undergone no

post-solidifi cation alteration.

If Fv is equal to 1, replacement is volume for volume,

should the volume factor be less than or greater than one

then the replacement takes place with a volume loss or gain

respectively.

In the LI1PR method above AlzOs was assumed to be

immobile, while the mobility of SiOz was considered to be

minimal. If AI2O3 actually acted as a mobile element, a

graphical plot of the volume factor (F^/) verses gains or

losses (Xn) would demonstrate this clearly (Gresens 1967,

pp. SS) . An equivalent mathematical approach, developed

below, allows the use of statistical analysis to quantify

results.

At a constant value of Xo the volume factor can be
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considered to be proportionally representative o-f the degree

of secondary alteration. A comparison o-f individual samples

to a common base would then provide an indication as to the

variability o-f a spec i -fie specimen with respect to element

mobility. For this calculation the base could be any

constant, the -flow Zl -from Thessalon (Jolly 1987a) was

chosen for several reasons: 1) the Thessalon volcanic suite

is considered a lithostrati graphic correlative of the PVS;

2) both suites have undergone somewhat similar metamorphism

(greenschist to upper greenschist) and reflect similar

mineral paragenesis; 3) the specific gravity was attainable

by direct measurement; and 4) REE analyses were available.

3.2.4 Parental Material

The parent (unaltered precursor) of Beswick and Soucie

(1978) is a compilation of mostly post-Mesozoic tholeiitic,

calc-alkaline or alkaline data on volcanic rocks. The

assumption that volcanogenic processes active during the

Phanerozoic are analogous to those of the Aphebian is

generally considered plausible as evidenced by similarities

In rates of magma emplacement for the Archean Abitibi Belt

and some Mesozoic-Cenozoic island arcs (Dimroth 1985).

However, this uniformitarian approach has been questioned in

the past (cf. Condie 1976; Pearce and Cann 1973; Holm et al

.

1985; Campbell 1984). Due to its age the Precambrian mantle
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would have undergone -fewer melting episodes and therefore

may have been richer in incompatible elements. In addition,

the higher heat -flow in ancient environments may have caused

partial melting at shallower levels. Variations (where

known) in the rate of plate movement and recycling in the

upper mantle must also be considered. Veizer (1984)

suggested that the Early Proterozoic epicontinental

environments also differed from their Phanerozoic

counterparts. These arguments indicate that a Proterozoic-

Mesozoic comparison may not be workable in the absolute

sense but may have restricted potential.

The reasons for selecting flow Zl from Thessalon (Jolly

1987a) as the parent for the mass balance method have been

cited previously. However, it must be realized that the

stratigraphic position of the PVS is subject to some debate

(Knight 1965; Robertson 1970; Roscoe 1973). Difficulties

arising from attempts to determine an absolute age (Knight

1967) do not allow simple correlations with other strata.

Nevertheless of all the Huronian metavolcanic rocks studied

in detail, the uncontaminated Thessalon rocks are the most

likely to be genetically related to those at Spragge (Knight

1967; Innes 1977; Roscoe 1973). The possibility of the

Thessalon and the PVS having similar parents is indirectly

supported by Kyle (1980), who suggests the presence of large

scale heterogeneities within the mantle. It is probable

then that large variations in mantle source composition
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would not be likely in the small distance (ca. 100 km)

between Thessalon and Spragge. REE analysis from Spragge

also support this conclusion (chapter 4). In light o-f the

above evidence a composition akin to that of flow Zl is a

considered plausible parent for the PVS.

3.2.5 Comparison to Parents

Both the VCC and the LAB were compared to flow Zl to

determine Fv with respect to AlaOs. At the 95X confidence

level the LAB displayed an error estimate of 0.09 for a mean

value of Fv = 0.93. Similarly an error of 0.33 can be

expected for an average value of 1.31 for Fs^ at the 95%

confidence level for the VCC. These numbers are essentially

meaningless without a scaling factor to determine the degree

of mobility. If an ideal situation is assumed, such as the

comparison of volume changes within a single unaltered flow

then the volume factor would equal 1. As will be seen

below, this does not mean that the degree of alteration is

inversely proportional to the deviation from unity. For

comparison a flow from the Servilleta rift basalts of New

Mexico (Basaltic Volcanism Study Project 1981), with an

assumed constant specific gravity displayed a volume factor

equal to 0.94. Comparison of these results to the study

samples indicates that Al^Os in the LAB was neither removed

nor added. It should be realized here that the very nature



tc

'on 1

*M

: ''•'-J . Ti^,* yes.



72

of equation (1) allows a certain -flexibility with respect to

the relationship between speci-fic gravity and concentration.

This necessitates the use of other criteria before inferring

any final result.

Other relatively immobile elements such as Zr, Nb, Y,

and Ti (Pearce and Cann 1971; lieschede 1986) would be

expected to have similar Fn/ values of 0.93 if AlzOs was

stationary. This was found to be only partially true. A

comparison is listed in Table 3.3. Clearly there is a great

deal of variation between these selected immobile elements.

Y exhibits the largest variation in Fv, perhaps as a

reflection of the large compositional differences between

the PVS and the selected parent. Compositional differences

may also be attributed to dissimilar sources or gross

differences in primary composition. The large standard

deviations shed doubt on the usefulness of many of the

results, however it can be seen that, as expected, the LAB

show less variation than the MAB or the extremely diverse

VCC. A small variation in volume is to be expected, as

elemental concentrations do not exhibit identical values

from sample to sample, much less flow to flow. Elements

considered to be more mobile, such as the alkalis, display

dissimilar Fv values that tend to be both higher and lower

than those reported here.

The conclusion here, for the purposes of this study, is

that AI2O3 is considered to have remained relatively
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TABLE 3.3 Values o-f Fs/ (see text) -for selected
constituents.

MAB VCCOXIDES C5R
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immobile during alteration. It is worth noting that results

using TiO^ instead of Al^Os are similar. The primary

assumption from the LMPR plot of Beswick and Soucie (1978)

that AI2O3 is stationary is tentatively justified.

Figure 3.24 show gains and losses for the LAB, liAB, and

the VCC. These results were calculated per gram of parent

rock with a volume factor of 0.9 for the volcanic rocks and

1.2 for the volcaniclastic lithologies. For a more coherent

presentation the outcome was normalized to the parent in the

manner

1

A/A+B„ C2)

where A = the calculated concentration determined from

equation (1), with Fv equal to the values stated above; and

B„ = the concentration of component 'n' in the parent rock

(Zl from Thessalon). It must be stressed that these results

(Fig. 3.24) are relative, and that the parent cannot be

certified to be genetically related to the PVS and therefore

any gain-loss equation as proposed by Gresens (1967) and

used by other authors (cf. Greenough and Papezik 198S)

cannot be Justified here.

SiOz in the PVS, is generally depleted relative to flow

Zl, especially in the volcaniclastic rocks. This may be

attributed to fluids emanating from several reactivation

events associated with the Murray Fault. The leaching of
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and losses (see text) -for
Fig. 3.23 Normalized gains
selected elements.
Si = SiOz, Mg = MgO, Ca = CaO, Na = Na^O, K = K^O
P = P=0o, Ti = TiOz
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SiOz corresponds to the corrected values obtained with the

LliPR plot above. While not constraining SiOz mobility in a

numerical sense, Beswick and Soucie (1978) did maintain that

SiOz movement must be minimal. The author feels that the

maximum (normalized, see Fig. 3.24) loss o-F 0.27 (in the

LAB) is less than optimum. It may be argued that the

mobility o-f SiOz is calculated relative to a separate parent

that may or may not be related to the rocks in question,

making any absolute corrected concentration meaningless.

However, silici-f ication and depletion of both MAB and LAB,

especially in samples Just centimeters apart, combined with

the results of section 3.2.1 may allow for some warranted

skepticism as to the accuracy of the LMPR method as applied

to the PVS.

The relative movement of NazO agrees well with results

obtained in the previous section. CaO is enriched in the

LAB and may be either enriched or depleted in the MAB or the

VCC. Results of the LliPR method suggests CaO was depleted

in all rocks. This apparent contradiction also exists for

KaO, however it was shown in section 3.2.1 that the PVS have

been variably depleted and enriched in CaO and KzO. Error

then, has been introduced by not considering each sample

individually. Nonetheless, when this is done relative gains

and losses of elemental concentrations in specific samples

remain inconsistent between each method. The discrepancy is

due, in part, to the fact that no authenticated unaltered
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parent exists for the PVS. As a result the substitutes

chosen may not re-flect the actual unaltered relict material.

It is unlikely that the degree o-F mobility indicated in

Figure 3.24 is representative o-f amount of redistribution

the respective elements have undergone, this is especially

true for components such as TiOz, and P2O-1. The results are

indicative of the inefficiency of the mass-balance method

when dealing with volcanics possessing no unaltered

precursor.

3.4 OTHER EVIDENCE

Other evidence of secondary alteration is

apparent. High LOI values are prominent in some samples,

ranging up to 6 wt%. Redistribution is indicated by

normalized incompatible element plots in accordance with the

criteria of Sun and Nesbitt (1978), i.e. a Jagged

appearance. Conversely, chondrite normalized REE plots

display smooth curves (Fig. 4.10). This suggests minimal

alteration affecting the REE but some mobility for other

incompatible elements. A variation in chemistry of samples

taken quite close to one another is often indicative of

secondary mobility (Condie 1976). In addition the elemental

ratios also vary, and the ratios that are present often do

not correspond to those expected from probable source

material undergoing similar evolutionary processes. This is
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indicative of secondary mobility, because while the absolute

concentrations may vary due to primary developments, the

ratio between specific incompatible elements should remain

relatively unchanged if no post-solidification alteration

has taken place (Hart and A116gre 1980; Zindler et al

.

1984)

.

3.S SUMMARY

Two possible parents were considered as unaltered

precursors to the PVS lavas, flow Zl from Thessalon, and a

compilation of volcanic data from Beswick and Soucie (1978).

The graphical method (LMPR) and the mass balance method

posted differing results due to dissimilar parents and the

false assumption of SiO^ immobility (LMPR). However from

these results and those of section 3.2.1 it can be seen that

readjustments (both depletion and enrichment) of the alkali

elements and, Sr, Rb, Ba, Cu, Nb, Ni , and SiO^ have

occurred. Minor mobility of Zr, Ce, and Y is also

indicated, some of which may be due to increased analytical

error. EFe^O^, AlaO^, TiO^, and, P^Oa are considered to be

subject to minimal redistribution and have remained

essentially immobile. Elemental mobility cannot be

accurately quantified without an unaltered relict parent.

No relationship between alteration and the distance

from the Murray Fault or the Cutler Granite can be
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ascertained due to chemical overprinting, a small sample

population, and the paucity of suitable localities.





CHAPTER FOUR

WHOLE ROCK CHEMISTRY

4. 1 CHEMISTRY

4.1.1 Normative analysis

CIPW normative calculations prove valuable only if the

norm actually represents the original rock components.

Variable degrees o-f secondary alteration, including the

oxidation o-f iron and the addition o-f volatile components

cause errors. Adjustments to the PVS concern only the

oxidation ratio and the volatile content. Corrections -for

components such as SiOa, K2O, NazO, and CaO were not made.

An appropriate method such as that o-f Beswick and Soucie

(1978) was not implemented due to inaccuracies caused by the

inability of the PVS to adhere to the major assumptions of

the correctional procedure (see section 3.2.2). In

addition, one must question the validity of normative

calculations on a suite of rocks that have undergone

extensive manipulation.

The Fe^Os/FeO ratio has been adjusted by the procedure

of Irvine and Baragar (1971) where

XFeaOs = XTiOa +1.5 (3)

80
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and excess FeaOs is converted to FeO. Further di-f -f iculties

arise due to the presence o-f CO2 which is calculated as

calcite and thus limits the CaO available to An and Wo (Cox,

et al . 1979). The introduction of Ca -from external sources

is assumed here to be small and thus its e-F-Fects are

considered negligible. It is possible that much o-f the Ca

was derived -from the breakdown o-f calcic plagioclase and

other Ca bearing minerals allowing CO2 to be ignored in the

calculation. Table 4.1 lists two calculated norms -from

Elliot Lake and Thessalon and three from Spragge. All rocks

are hyperstene normative. The normative An of plagioclase

ranges from 29 to 67, which is larger than the more typical

range of ca. 40 to ca. 60 (cf. Basaltic Volcanism Project,

1982). This fluctuation is thought to be caused by

uncorrected amounts of Na and Ca metasomatism.

4.1.2 Major element plots

As discussed previously, secondary alteration, allows

Justifiable criticism of geochemical interpretations;

nonetheless, immobile elements are examined here in an

attempt to shed some light on the petrogenesis of the rocks.

An overall consistency in conclusions is considered good

evidence of plausible interpretations.

Several classification schemes, such as the alkali-

silica or AFM diagrams, are of limited application to rocks

suffering from variable degrees of alteration. Especially
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TABLE 4.1 CIPW normative analyses a-Fter corrections for
oxidation of iron and ignoring COz and HzO*-
(see text)

This Study

A6A D81B ASC

2.36 1.30 5.97

17.52 14.13 22.51

30.54 29.13 20.99

1.59 3.93 3.01

30.59 37.01 21.84

4.76 3.48 14.59

0.23 0.30 0.30

4.75 2.15 4.39

5.80 3.81 5.52

An 29 33 36 30 64 67 48
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those diagrams that make use o-F mobile elements including

NazO, K2O, CaO, and SiO^. Nonetheless, a diffuse Fe

enrichment trend can be identified and a tholeiitic

character is evident on the AFM plot of Figure 4.1. This

tholeiitic nature agrees with norm based calculations and

other immobile element plots as, to a limited degree, does

the alkali-silica diagram (Fig. 4.2).

4.1.3 Immobile element plots

Recent studies (eg., Kyle 1980; Barley et al . 1984)

have promoted the applicability of minor and trace element

plots of ancient altered rocks to petrochemical and

petrotectonic studies. Floyd and Winchester's (1975) plot

of TiOa vs. Zr/PaOa (Fig. 4.3) shows the PVS to be generally

tholeiitic in character and agrees with the related Nb/Y vs.

Zr/PzOo diagram (Fig. 4.4). Unfortunately it is not

possible to discern a tectonic environment from these

diagrams. On the other hand the Ti Oa-KaO-PaOs diagram (Fig.

4.5) of Pearce et al . (1975) indicates oceanic affinities

for the PVS. The scattering of points may be indicative of

leaching leading to a displacement toward the TiOz apex

along the KsO-TiO^ join. Conversely since some samples ars

enriched in K2O, they are deflected toward the K2O apex.

These difficulties render this diagram useful only as a

general reference.
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Fig. 4.1. AFM diagram for LAB samples. A = Na^O + K2O,
F = EFe^Os, and M = MgO, with all oxides in weight percent.

Field A represents the tholeiitic -field

Field B represents the calc-alkal ine -field (Irvine and
Baragar, 1971).

Dashed line designates -field of all samples.
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Fig. 4.^a TiO^ vs Zr/P^Q^ all samples.
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Fig. 4.5 TiO^ - K^q - P^o= lAB samples.

A represents oceanic
B represents non-oceanic
Dividing line after Pearce et al . <1975).

Dashed line designates field of all samples
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Fig. 4.6a TiO^ vs 2r all samples.

Zr (ppmi
200

Fig. 4.6b TiO^ vs Zr LAB samples. r = 0.58

Symbols as in Fig. 3.2
The dashed line represents a chondrite Ti/Zr ratio o-f 100
(Redman and Keays 19S5)

.
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The TiOa-Zr diagram (Fig. 4.6) indicates that samples

tend to plot in the ocean-floor basalt -field, with some

samples situated above the chondrite Ti/Zr line of 100

(Redman and Keays 1985). Assuming the source of the PVS

carried a chondritic ratio, the high Ti/Zr ratios for some

of the LAB (Fig. 4.6b) indicates that crystallization of the

ascending magma was not extensive in these samples

(partitioning Ti from Zr) and/or partial melting occurred in

a source that was not hydrous enough to provide extensive

stability for Ti -oxide phases.

Pearce and Cann (1973) developed a ternary

discrimination diagram with apices of Zr—Ti/100-Y*3 that

differentiates between several tectonic environments (Fig.

4.7). The PVS plot in the wi thin-plate basalts field,

defined as being oceanic island or continental, as do the

Elliot Lake volcanics (Gumming 1986). Not as much credence

is given to the sister diagram of Zr-Ti/lOO-Sr/2 (Fig. 4.8),

due to the mobility of Sr, however the samples also fall

into the ocean-floor basalt field. This field is identical

to that of the TiQz-Zr plot above.

Additional evidence for a relationship between the PVS

and within—plate type rocks stems from a recently developed

diagram that discriminates between alternative types of

tholeiites (Meschede 1986). The Nb-Zr—Y plot indicates the

PVS can be characterized as wi thin-plate tholeiites.

Unfortunately these cannot be subdivided into basalts of
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Y^^

Fig. 4.7 Ti - Zr - Y LAB samples.

A represents low potassium tholeiites
B represents ocean -floor basalts
C represents calc-al kal ine basalts
D represents within plate basalts
Boundaries a-fter Pearce and Cann (1973).

Dashed line designates -Field o-f all samples.
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Ti/iOO

/' \

Fig. 4.8 Ti - Zr - Sr LAB samples.

A represents low potassium tholeiites
B represents calc-al kal ine basalts
C represents ocean -floor basalts
Boundaries a-fter Pearce and Cann (1973)

Dashed line designates field of all samples.
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Zr/4

Fig. 4.9 Nb - Zr - Y LAB samples.

A I, A II represents within-plate alkali-basalt
A II, C represents within-plate tholeiites
B represents P-MORB
D represents N-MORB
C, D represents volcanic arc basalts
Boundaries a-fter Meschede (1986).
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either oceanic or continental a-f-Finities (Fig. 4.9).

4.1.4 Rare Earth Elements

Although secondary REE mobility has been cited by

several authors (eg. , Hellman et al . 1979; Martin et al

.

1978; Humphris 1984) others have suggested REE stability to

upper amphibolite -facies and beyond (eg. Dostal and Campedri

1979; Hamilton et al . 1979). It is apparent that

environmental conditions within individual settings results

in transport o-f constituents in a manner unique unto

themselves.

The PVS was examined -for any evidence o-f rare earth

mobility between the two samples analyzed. An additional

comparison was made with reference to analyses from

Thessalon. A fairly constant slope (Fig. 4.10), with the

exception of the La - Ce segment exists between the MAB

specimen (A6A) and the LAB (D81B) sample. This is

considered good evidence of minimal post-solidification

alteration. In addition, the REE ratios resemble data

obtained from the Thessalon basalts (Jolly 1987a, Fig. 4.10)

and other somewhat similar petrogenetic (extensional

)

settings (Ehlers and Lindroos 1986; Basaltic Vol can! sm Study

Project, 1980).

The change in the slope of the light rare earth

elements (LREE) may be due to crustal contamination, as
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assimilation tends to enrich the more incompatible elements

(Dostal et al . 1986). However tests for contamination

involve the use o-f elements such as Sr, Ba, Rb, etc. (Kyle

1980; Dostal et al . 1986; Jolly 1987a, 1987b) which have

been shown to be mobile -for the PVS. Other criteria,

essentially the use of isotopes to determine the extent of

crustal contamination, is not available here. The

correlation between the PVS rare earth plots and those from

Thessalon (Jolly 1987a, Innes 1977) indicate that if

assimilation of crustal material did occur it was minimal.

Samples having the concave shaped curve, as exhibited

in Figure 4.10 possess a flat heavy rare earth element

(HREE) distribution and an enriched LREE pattern. These are

considered here to be indicative of intermediate degrees of

partial melting or fractionation from a source that was

likely garnet free or depleted in residual garnet. The rare

earth elements, particularly the middle and heavy rare

earths, are thus considered representative of the original

rock chemistry of the PVS.

4. 3 SUMMARY

Flows from the PVS are hyperstene normative and

tholeiitic in nature and display similar characteristics to

the Elliot Lake and Thessalon Volcanics.

The sequence of discrimination diagrams presented here
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generally suggest that the lavas studied belong to a

tholeiitic volcanic suite o-f either ocean—floor basalts or

wi thin-plate basalts (continental or oceanic). Immobile

elements also indicate the lavas are oceanic in an

environment transitional between within-plate and ocean

-floor. This agrees with geophysical and structural evidence

(Frarey and Roscoe 1970; Young 1983, 1984). Ambiguity of

classification may be expected. Immature ri-ft basalts would

tend to display an a-f-Finity to within-plate basalts,

becoming more like ocean-floor basalts as the rift evolves

(Cas and Wright 1987).

The TiOa vs Zr diagram indicates that extensive

fractionation did not take place or mantle conditions were

not suitable to allow the prolonged stability of Ti -oxide

phases, i.e. hydrous.

Rare earth elements of the PVS show good correlation

with the Thessalon metavolcanics (Fig. 1.1) and probably

accurately represent original magmatic abundances.



. SC 1^'

)•

'*-----'
I -

y:' . :
"

<• .•. 'it . 'S
' -^^ .r o:*



CHAPTER FIVE

PETR0GENE8I8

5.1 FRACTIONATION

5.1.1 Introductic3n

Commonly used geochemical -fractionation indices such as

Marker (eg. Wright and Fisk 1971) and MgO variation diagrams

(eg. Powers 1955), have been implemented successfully in the

study of volcanic rocks. However, in the case of the PVS

the increased mobility of most major elements as well as the

variation in SiOa makes these methods ineffective.

Other differentiation indices also rely on major

elements; however, the applicability of these schemes is

98
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severely constrained by the high mobility of their

constituents. Likewise, the calculated CIPW norms must be

treated cautiously even though corrections for the oxidation

of iron and the addition of volatiles (to account for the

increased mobility of the alkalies caused by secondary

alteration) have been made. Any interpretation of

fractionation events must be further confined to minor and

relatively immobile element evidence.

S.1.2 Evidence

The magnesium-iron ratio is employed here as a

differentiation index and is designated by Mg#. The ng#

value is defined as ClOO MgO/tlgO-t-EFezOs]. The weight

percent oxide form of MgO and EFeaOs is preferred here, as

is total iron which eliminates changes in FeO due to

oxidation (Basaltic Volcanism Study Project 1981). The PVS

possess Mg# values with a range of 30 to 60 (mean = 46).

The LABs average at approximately 47 with a range of 36 -53.

This indicates subvolcanic fractionation has taken place

assuming an Mg# value of approximately 70 is representative

for undifferentiated mantle derived basalts, (Basaltic

Volcanism Study Project 1981; Sun et al . 1978).

Another index of fractionation that is applicable here

involves the use of REE which »rB relatively immobile and

should provide a good estimate even considering the small
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number o-F samples available. Both the enriched REE pattern

(Fig. 4.10) and the high CeN/YbN value o* 2.4-3.8 are

indicative o-f -fractionation in the PVS (Si veil and Foden

1985)

.

5.1.3 Fractionation Assemblage

It is evident from the discussion above that the

volcanic suite was not derived directly from a mantle

source. However, determining the extent of fractionation

will depend upon geochemical evidence of rocks that were

subjected to varying amounts of secondary alteration.

In the discussion that follows, fractionation

interpretations will be based on nine selected LAB samples

(chapter 3). A compilation of all samples including the

nine is also presented. P^Oo has been used in the past as a

good index of differentiation (Anderson and Greenland 1969)

due to its incompatibility with other major rock forming

minerals. Analogous to PaOes, TiOa has been extensively used

(eg. Pearce and Norry 1979) and is preferred here, as it

enjoys somewhat better analytical precision at low

concentrations and its characteristics are better

understood.

On a plot of TiOa versus P^Oa (Fig. 5.1), the PVS

defines a linear trend with a decreasing ratio. A constant

ratio implies P and Ti incompatibility within the
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Fig. 5.1 log P^O-, v5 log TiOz LAB samples.

Vector approach a-fter Tindle and Pearce (1981): the vectors
indicate the direction o-f movement of liquid compositions
assuming Rayleigh -fractional crystallization (distribution
coB-f f icients listed in Table 5.1). Vector A assumes
crystallization ir; proportions 69.95:29.95:0.1 of
plagioclase, cl inopyroxene and apatite. Vector B assumes
crystallisation in proportions 70:30 of plagioclase and
clinopyroxene.
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fractionating assemblage and suggests that neither was

preferentially removed during crystal fractionation. This

not being the case, the decrease in the TiOa/PaOo ratio is

attributed to removal of a Ti bearing phase such as

clinopyroxene or Fe-Ti oxides. In addition, samples

^ possessing the lowest concentrations of TiOz most likely

represent least fractionated flows.

The decrease in the CaO/AlzOs ratio (Fig. 5.2) with

increasing TiOz and the low CaO/AlzOs values (< 0.6),

indicates removal of a Ca-bearing phase such as

clinopyroxene or hornblende during fractionation, is

required. Hornblende is not considered to be a likely

residual constituent as Y does not significantly decrease

with advancing fractionation (Fig. 5.3) and Nb is seen to

increase (Fig. 5.4). Thus, hornblende will not be included

in the fractionation assemblage.

A plot of EFeaOa with TiOz (Fig. 5.5) also shows a

linear trend possessing an increasing EFezO^/TiOa ratio with

increasing TiO^. This is evidence of the enrichment trend

distinguishable on the AFM plot (Fig. 4.1). The variable

ratio also suggests a lack of Fe compatible minerals in the

fractionating assemblage. This indicates that common

residual constituents, such as olivine, chromite and perhaps

orthopyroxene, probably did not play a major role in the

fractionation assemblage. The compatibility of Ni with

olivine allows it to be used as an excellent differentiation
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Fig. 5.2 log CaO/AliicO:^ vs log TiO^ LAB samples.
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Fig. 5.4 log Nb vs log TiO^ LAB samples.
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Fig. 5.5 log SFe-Ds V5 log TiO= LAB samples.
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index. Plots o-F Ni against TiOz, (Fig. 5.6) or Zr and PzOs

de-Fine a field rather than a trend and do not con-firm or

deny the presence o-f olivine as a member of the

-fractionating assemblage. Jolly (1987a), in examining the

Thessalon volcanic suite, considered the -fractionating

assemblage to be olivine -free, and by analogy this suggests

the PVS was subject to similar conditions.

Evidence o-f plagioclase fractionation is indicated on a

plot of TiOa versus AI3.O3 and P^Oa versus AI2O3 (Figs. 5.7

and 5.8). This trend is not clearly defined having low

regression coefficients, but display a decreasing ratio with

increasing TiOa and P2O-,.

5.1.4 Incompatible Elements

Cr and V are excellent indicators of differentiation,

unfortunately they could not be determined due to

overprinting by the chromium source during analysis (section

4.1). Co is not available. Zr has been cited in the past

as an indicator of magmatic evolution (eg. Redman and Keays

1985). All plots involving Ni and Zr as single constituents

show a great deal of scatter, rarely approaching a

regression coefficient of 0.45. This limits interpretations

which can be made with these elements. Si veil and Foden

(1985) have suggested that linear trends of Zr with

components such as TiOa, Y, and PaOs indicate original
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igneous -Fractionation. The author does not believe the

reverse to be true, i.e. non-linear trends do not

necessarily preclude the possibility o-f di-F-Ferentiation.

While it is possible that the linear trends observed earlier

are coincidental, it is more likely that the increased

scatter is due to: 1) combination o-f greater analytical

error; 2) minor secondary mobility of all constituents; and,

3) a well developed fractionation trend is not produced due

to the limited sample population. It cannot be ascertained

from field evidence whether or not the lava underwent

shallow differentiation (chapter 2) or whether an evolving

magma gave rise to several sequential flows.

5.1.5 Relative Proportions of Fractionating Phases

Mineral-melt partition coefficients are dependent on a

number of factors, including temperature, element

concentration, melt composition, and the minor effects of

pressure. It is possible, using relevant partition

coefficient data, to place constraints on likely

fractionating phases. Fractionation vectors derived here

are calculated using the Rayleigh equation from partition

coefficient data listed in Table 5.1.

A clinopyroxene-plagioclase dominated fractionating

assemblage has been proposed in section 5.1.3. Figure 5.1

has been utilized to indicate trends resulting from the
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TABLE S.l Partition coefficients for average mafic rocks.

Element
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rsMoval of clinopyroKsns. Hoiibvt, this dimqrmm assuaas th«

incoapatibillty of phosphorus. Frsctionsticxt vectors

Indicstsd on Pigurs S. 1 shcaM that this is not ths csss.

Whsn tracs amounts of apatits mrm considsrsd, ths dopictsd

trands of ths fractionation vector (A) clossly satchss ths

lins dsrived fros chsaical data. Figurs 9.1 indicatss

apatits to bs only a Minor constitusnt. This dcMKS not

nscsssarily nsgats ths hypothssis of clinopyroxsns

fractionationp but indicatss that PaiOa »«as sors cospatibls

than TiQa. This is dus to ssparats apatits prscipitation,

Mhich in turn suggssts that Ti dosinatsd sinsrals such as

ilMsnits and sagnstits (Fs-Ti oxidss) Msrs not abundant in

ths fracticanation assssblags.

Ths AI2O3 vs. TiOa diagras (Fig. 5.7> dssonstratss that

clinopyrcNisns aust havs bssn a ainor coaponant coaparad to

plagioclass (clinopyroxsna to plagioclass « 30 to 70) p as

dstsrainad by tha Raylaigh fractionation aquation. Tha

^•:^y» versus TiOa diagraa (Fig. 5.5) also supports

fractionation of only ainor proportions of clinopyroxsns.

This fflsthod of aatching fractionation trends aay be

ussd to quantify abundancss of various constitusnts.

Plagioclass (ca. 70X) , and clinopyroxsns (ca. 30X) ars ths

aajor crystallizing phasss. Jolly (1987b) saployad a

fractionating asssablaga of 50% clinopyroxene and SOX

plagioclass for siailar rocks at Thsssalon.
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5.2 SUMMARY

Because of the litnited number o-f samples

interpretations must be treated Mith caution. With this in

mind, geochemical evidence suggests that, due to

pre-eruptive modi-f ication o-f parental magmas by subvolcanic

•fractionation, the PVS was not directly derived -from a

mantle source. Plagioclase and clinopyroxene, in 70:30

proportions, were the major constituents o-f the shallow

-fractionating assemblage, together with minor apatite. A

fractionating assemblage consisting of plagioclase and

cl inopyroxene is not uncommon, Krishnamurthy and Cox (1977)

derived a similar assemblage on the basis of petrographic

and chemical data from Deccan Traps of western India.

Rare earth elements are considered immobile and are

thus the best source of information for petrogenetic

modelling.

The actual proportions of crystallizing phases cannot

be accurately quantified without compositional information

that can be provided by factors such as fresh phenocrysts,

which are not available here due to metamorphism.
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5.3 PETR06ENETIC MODELLING

5.3.1 Introduction

Both -fractionation and partial melt petrogenetic

modelling were examined to determine the source of the PVS.

Of the numerous theoretical fractionation schemes proposed,

the Rayleigh law is used for the calculations below.

Fractional crystallization where equilibrium between the

crystal and the melt occurs at the crystal surface only, or

the crystals are removed from the melt is considered a

general model (Cox et al . 1979). The more complex

incremental crystallization assumes crystals are formed in

equilibrium with the melt but are removed at various

intervals during continuous crystallization. Equilibrium

crystallization, where the crystals and the melt are in

equilibrium throughout the crystallization period, may not

be geologically feasible if gravitational settling occurred

in the magma chamber (Cox et al . 1979).

Partial melting results are calculated using the

equilibrium batch melting model (Shaw 1970). Incremental

melting (Wood 1978) and dynamic magma mixing (O'Hara and

Mathews 1981) are not considered operative during Huronian

volcanism due to slow rates of magma generation (Jolly,

1987a). For the calculations below non-modal melting is

assumed. Partition coefficients used are listed in Table
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5.1. Initial REE concentrations are taken from Jolly

(1987a) and are recorded in Appendix IV.

5.3.2 Fractionation Corrections

Attempts at estimating the chemical characteristics o-f

parental magmas prior to any fractionation event have been

used to determine source compositions in the past (Dostal et

al. 1986; Jolly 1987a). These calculations are based on the

assumption that the original unfractionated mantle-derived

basaltic liquids possessed a normal mid-oceanic ridge basalt

(MORB) Mg# value of 70 (Sun et al . 1978).

In view of the scarcity of petrographic evidence

regarding relict mineralogy, the corrections below

incorporate a final fractionating phase assemblage

consisting essentially of plagioclase and clinopyroxene. A

previous fractionating assemblage of clinopyroxene and

olivine was also employed based on the petrographic findings

of Jolly (1987a) from the Thessalon volcanic suite. This is

reasonable in light of REE evidence (section 4.2.4) and its

probable lithostrati graphic correlation (Robertson 1970;

Roscoe 1973)

.

Rare earth analysis is available for only one LAB

(D81B) and it was taken to be representative. It was

corrected from its relatively evolved Mg# value of 53 to 60

by the addition of plagioclase and clinopyroxene (Di^a) in
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70:30 proportions. Apatite -Fractionation is neglected as

extensive partitioning of REE is not indicated (chapter 4).

A -further correction o-f olivine (Fo^o) and clinopyroxene

(Disa) in 15:85 proportions increased the Mg# value to 70.

5.3.3 Results o-f Modelling

Extended element plots produced by the results o-f

partial batch melting (Shaw 1970) o-f the postulated Huronian

source are given in Figure 5.9; the data are numerically

presented in Appendix IV. An anomalously high value of 4.42

ppm for Y was originally presented for the Huronian

sub-continental mantle (Jolly 1987b). This value cannot be

explained by fractional crystallization or partial melt

models, in light of the considerably lower values for the

HREE. Y values for the Thessalon metavolcanic rocks may be

subject to greater analytical error (Jolly pers. comm.

1987). It was found that the computer plotted regression

line had a consistent X-intercept value greater than 0.

This, combined with a positive slope allowed Y values to be

slightly higher than expected. Y was corrected by

recalculating values using a linear regression line. The

results were then subjected to the fractionation and partial

melting criteria originally proposed by Jolly (1987b).

These resultant Y values were tested by assuming that the

geochemical characteristics of Y are similar to those of the
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HREE (Dostal et al . 1986), and should therefore display a

relatively -flat pattern on a chondrite normalized REE

diagram. A -Final value o-F 3.0 ppm was accepted -for the

Huronian source composition.

Yb data were not available -from the original calculated

source. It is reasonable to assume that since the HREE

exhibit a flat pattern, Yb would not represent an

anomalously high or low value. An inferred value of 3.3 ppm

is considered appropriate. It should be noted that slight

deviations from the selected Y or Yb values still allow

comparable results to those displayed in Figure 5.9.

The first fractionation correction <Mg# value of 53 to

60) was made with the addition of a 28X melt, and a further

addition of 127. <Mg# value of 60 to 70) brought the

assemblage to its unfractionated position. Eighteen percent

partial melting of the Huronian source material in 70:25:5

proportions of olivine, orthopyroxene, and clinopyroxene

produced an excellent correlation between the PVS and the

hypothetical partially melted source <see curves 1 and 2,

Fig. 5.9). This suggests the lavas were derived from

similar sources. The partially melted Huronian source

material displays a greater abundance in the light rare

earth elements (LREE) and Eu, but closely follows the REE

pattern from the Jurassic Kirkpatrick tholeiites of the

Ferrar Group, Antarctica (Kyle 1980).

Representative MAB sample A6A, the only other sample
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for which REE Mere analysed, was subject to greater

alteration than its counterpart D81B. As such, trace

element data (Ti , Zr , and Y> should be treated with

increased caution.

As A6A is more evolved than D81B (Figs. 5.10 and 4.10)

an increased error is introduced from the -fractionation

corrections. To determine i-f the Huronian source is

responsible -for the formation of both LAB and MAB under

similar conditions, fractionation corrections to sample A6A

on the order of an addition of 26X melt with a further

correction of 20% to bring it to unfractionated levels was

implemented. Figure S. 10 shows a remarkably good

correlation, with the exception of Ti and Y, between the

corrected values of A6A and an 8X partially melted Huronian

source.

5.4 SUMMARY

An excellent correlation is shown between the

calculated Huronian source, corrected for partial melting

and the PVS lavas corrected for fractionation. Differences

in chondrite normalized abundances displayed in the extended

plot diagrams are; 1) depleted LREE for sample D81B and, 2)

a slight negative Eu anomaly. Sample A6A shows major

variation in Y and an enrichment in Ti relative to the

corrected Huronian source. The Huronian source is



b r. 6

V c



121

I C r r • c 1 ; .". 6 A

( • • • t a I t )

— Corracttd Sourc«

( • e • t • X t ]

3 Arch«on Monti*

» -N-MORB
5—

—

Huronlan Sourc*

Nd Sm Zr Eu Ti

Fig. 5.10 Extended REE patterns o-f selected samples.

1 represents MAB corrected for -fractionation
2 represents the BY. partially melted Huronian source
3 represents the Archean mantle a-fter Sun and Nesbitt

1977, Jolly 1987b
4 represents N-MORB a-fter Wood et al . 1977
5 represents the Huronian source after Jolly 19B7b
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considerably enriched in LREE relative to N-MORB and the

Archean mantle (Figs. 5.9 and 5.10).





123

HAL I What's going to happan D«v«?

Oavai SoMCthing wcxidar-ful.

2010



Z'^t

^evftQ neqq/Efl c+ priop a'isrtW :JAH



CHAPTER SIX

DISCUSSION AND SUMMARY

6. 1 INTRODUCTION

The Huron! an source composition displays an enrichment

in LREE compared to both N-MORB (Wood et al . 1979) and to

the postulated Archean mantle (Sun and Nesbitt 1977, see

Fig. 5.9).

The modern upper mantle is considered heterogeneous

with respect to trace element concentrations and radiogenic

isotope ratios (Hawkesworth et al . 1984). This

diversification is considered below as any petrogenetic

model must explain the LREE enrichment of the Huronian

source and similarities in the source area between Thessalon
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and the PVS. Of additional concern is that although primary

evidence -from the PVS o-f affinities to calc-alkaline rocks

is scant due to increased mobility of common chemical

indicators (eg. K2O, Rb, and Sr), the genetically related

rocks of Thessalon (see above) have been shown to be

chemically related to island-arc basalts. Jolly (1987b)

made use of high Sr, negative Nb and Ti anomalies for the

early basalts and AlzOs/CaO ratios greater than one to

indicate a resemblance to island arc tholeiites. The PVS

also possesses AlzOs/CaO ratios greater than one and has

similar Ti concentrations to the late basalts of Thessalon.

In addition chondrite normalized REE concentrations of the

PVS Are similar to the Kirkpatrick island arc tholeiites

(see Fig. 5.9). The Huronian volcanic rocks at Elliot Lake

also show calc-alkaline affinities (Gumming 1986). The

discussion above indicates that the PVS formed in conditions

similar to calc-alkaline environments. However a Ti anomaly

noted in the Thessalon rocks does not occur in the PVS.

This is reflected in higher Ti/Zr ratios for the PVS (see

section 4.2.3) that may have been caused by partial melting

in a less hydrous source relative to the formation the early

basalts from Thessalon.

The mantle source material then must also account for

the similarities to calc-alkaline and tholeiitic sequences

in what has been acknowledged as an extensional environment

(Young 1982, 1983| Sims 1980).
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6.2 SOURCE MODELLING

6.2.1 LAB

The excellent correlation o-f the curves between the LAB

and the partially melted Huronian source composition

suggests that the PVS was derived -from the same source as

the Thessalon lavas (see Fig. 1.1) and by approximately the

same degree of partial melting (20% for Thessalon, Jolly

1987b, 18'/. for PVS). Flow Zl from Thessalon is an

uncontaminated late basalt (Jolly 1987a) and, by analogy,

suggests crustal contamination of the LAB from Spragge is

not a major consideration.

If crustal contamination were inoperative during the

formation of the PVS (chapter 4) the variation in Eu and

LREE between the source and the LAB must be explained by

another mechanism. Eu has a higher concentration in the

Huronian source (Fig. 5.9), and may be explained by

unaccounted plagioclase fractionation in the original

sequence defined by Jolly (1987a).

LREE enrichment is common in areas of the upper mantle

(eg. Hawkesworth et al . 1984; Wood et al . 1979; see below)

as is demonstrated by similar LREE ratios for the

Kirkpatrick tholeiites of Antarctica which Kyle (1980)

considered to be uncontaminated. This would seem to

indicate that the difference between LREE contents of the
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Huronian source and the PVS are due to e-f-fects within the

lavas themselves. The -Fractionation corrections for sample

D81B involved medium degrees o-f melt, which tends to dilute

and there-fore decrease the absolute concentrations of the

LREE and the LILE. When smaller amounts of fractionation

are examined, the LREE content is raised significantly, due

to its greater incompatibility, without adversely affecting

the middle and heavy rare earth elements. However, even

after this extensive manipulation. La and Ce still did not

achieve the concentrated levels of the source material (Fig.

5.9). This indicates that fractionation cannot account for

the variation in LREE.

The evidence cited above for the depletion of La and Ce

relative to the Huronian source suggests several

possibilities. Since fractionation alone cannot account for

the variation in LREE when the middle rare earth elements

(MREE) and HREE ars suitably represented, other mechanisms

must be considered (major source differences are considered

less likely, see below). LILE have been reported to be

depleted in some areas (chapter 3). As LREE are

geochemically similar to LILE, this emphasises the

importance of secondary alteration in the PVS. In addition

MAB LREE correlates well with the Huronian source (Fig.

5.10), while there is a change in the slope between the LREE

of the MAB and the LAB (Fig. 4.10). Assuming identical

parents secondary alteration would have been operative.
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This is signi-f icant. A suitable correlation between the LAB

and the source was also attained with lower degrees of

fractionation. The original correction was calculated based

on Mg# values. Even though attempts have been made to

minimize adverse e-F-Fects this value will be subject to

increased error as iron becomes oxidized and redistributed.

In summary, the variation of LREE is likely due to secondary

mechanisms and an overestimation of the degree of

fractionation.

6.2.2 MAB

With the exception of Y and Ti the MAB show an

excellent correlation with an 8% partially melted Huronian

source (Fig. S. 10) . Modelling with variations in

assemblages (essentially cl inopyroxene and garnet) and of

both fractionation and partial melting events could not

accommodate the Y and Ti without distorting the slope of the

line. In as much as the MAB are more susceptible to

secondary alteration and Y has a very high analytical error,

the differences between values of Y and Ti are likely due to

secondary processes as opposed to variations within the

source. Ti is concentrated in minor sphene grains in sample

A6A. It is not likely that the variation in Y or Ti is

caused by fractionation. Using garnet or increased

cl inopyroxene in the fractionating assemblage adversely
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a-f-fects Yb, and Ti concentrations without producing a more

coherent plot (Fig. 5.10).

It is interesting to note that the LREE do not seem to

have been disturbed (by alteration) in the MAB, as observed

in the LAB. This is indicative o-f a high degree of

variability in the effects of alteration of the PVS. Also

of note, sample A6A correlates well with a crustally

contaminated early basaltic flow (AB^i) from Thessalon

(Jolly 1987a; see Fig. 4.10). This is difficult to

reconcile given the similarities between the uncontaminated

source material and the unfractionated flow.

6.3 PETROGENESIS

REE data indicate that both the LAB and the MAB are

genetically related to the Huronian source and therefore to

each other. It is not possible to derive the more evolved

MAB from the LAB nor is it possible to determine their

stratigraphic position from field data. A brief summary of

geochemical findings is given here. The LAB were derived

from an 18% partial melt and the MAB from an 8% melt of an

identical source. Fractionation occurred with identical

assemblages in the same proportions but to different

degrees. Calculations show that the lavas are not related

by fractionation (the variation in absolute chondrite

normalized abundance is further evidence Fig. 4.10) and
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there-fore an explanation involving the evolution o-f on«

partial melt in a single magma chamber is not likely. This

then indicates that the lavas evolved differently in the

mantle itself. Three possibilities present themselves: 1)

both melts were derived from the same source which was

replenished between events; 2) both melts were derived from

a stagnant source; and, 3) both melts were derived from

different areas of the same source.

The first possibility is unlikely, replenishment of the

lithosphere so as to produce a source identical to that

which existed prior to the melting event is difficult to

envisage.

The second possibility suggests both melts were derived

from a stagnate source i.e., one which does not evolve

between melting events, which causes the residue of the

first melt to act as the source for the second. The curves

in Figures 5.9 and 5.10 were derived by non-modal melting of

the Huronian source in the proportions 78:20:2 for olivine :

orthopyroxene : clinopyroxene. Calculations show that the

LAB could not have been derived from this source after being

depleted by an 8% batch melt, nor could the MAB have been

derived by the previous melting event that produced the LAB.

Complications also exist with the third possibility.

Forming a partial melt on the order of 18X requires a large

area, dependent on the type of the material, its porosity,

fluid composition and fluid pressure, as well as the amount
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o-f differential pressure or fractures etc (Cox et al . 1979j

Spera 1980; Anderson et al . 1984). The large area required

precludes the suggestion that two melts of 18X and BY.

respectively form from different areas of the same source

without any interaction (as this would alter the relative

source composition) it would seem unlikely that the magmas

would eventually extrude at the same locality. However, upon

closer examination a variation on the order of BY. of the

initial source concentration is permissable to produce

similar results to that shown in Figure 5.9 and Figure 5.10.

This variation in source area may be due to inhomogeneities

in the lithosphere caused by prior proximal melting events

or inconsistencies in the enriching and subsequent

homogenization process (see below). Regardless of the mode

of source composition variation, the formation of the PVS

may be due to partial melting of two similar sources.

6.3.1 Comparison to Other Areas

A detailed quantitative assessment of the genetic

relationship between the PVS and the lavas of Elliot Lake

(Cumming 1986) is not possible. A small sample size,

analytical error, secondary alteration at Spragge, and the

lack of REE data for Elliot Lake does not allow for

verifiable results. It was determined from geochemical

arguments that Elliot Lake represents a within plate
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environment o-f either oceanic or continental affinities

(Gumming 1986).

The similarity in slope between the Huronian source and

the Kirkpatrick tholeiites is of interest (Fig. 5.9). A

more intensive study is necessary, but given the small

sample population available it may be possible that a

similarity in lithospheric mantle conditions existed between

the Proterozoic and the Mesozoic. Both the PVS and the

Kirkpatrick tholeiites are associated with rifting events.

While this does not imply the lavas are similar only as a

result of a comparable origin, there may be some indication

that the volcanic rocks were formed subsequent to similar

enrichment processes (Archean?) or that the lithospheric

(subcontinental) mantle has remained relatively stable for a

good portion of the earth's history. This generally

disagrees with most mantle evolution models that call for

the enrichment and modification of the lithosphere by a host

of mechanisms (cf. Brooks et al . 1976; Pankhurst 1977;

Tatsumoto 1978; henzies 1983; White and Hofmann 1982).

6.4 LREE ENRICHMENT IN THE HURONIAN SOURCE

6.4.1 Heterogeneous Mantle

Metasomatism of the upper mantle by addition of Ti , Al

,

Fe, Mn, Ca, Na, K, H^O, CO2, Rb, Sr, Y, Nb, Ba, and La to



-i

j> tO'^

:r )•
•.



133

veins or pods has been suggested by Lloyd and Bailey (1975)

and are considered quite common (Hanson 1977; Hawkesworth et

al . 1984). Two main types o-f veins (termed here, melt and

hydrous) in the upper mantle are acknowledged. A melt type

in which small volumes of a basanitic melt, revealed by the

compositions of chromium-spinel Iherzolite mantle xenoliths,

cause enrichment in the sub-continental lithosphere,

generally producing alkali basalts (McKenzie and O'Nions

1983; Pearce 1983; Best 1974; Hawkesworth et al . 1984). The

hydrous type of veined mantle metasomatism normally occurs

in subduction environments, where oceanic or crustal

components are incorporated into the lithosphere or mantle

wedge by H2O- and alkali-rich fluids (Hawkesworth et al

.

1984) and are evidenced by phlogopite and K-richterite-

bearing peridotite xenoliths. The transportation mechanism

for the above elements is considered to be a pneumatolytic

fluid phase (Hanson, 1977) in contact with mantle peridotite

(Wass and Rogers 1980) or by diffusion. Diffusion is

considered by some authors to be too slow (Tatsumoto 1978;

Kyle 1980) to act as a reasonable method of mantle

enrichment.

Recycling of the crust by subduction is considered a

viable process for creating mantle heterogeneities (White

and Patchett 1984), it is therefore possible that a

subduction event metasomatically enriched the lithosphere

producing similar sources for both Thessalon and the PVS.
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By association then, the hydrous type veining is most likely

for this environment (Holm and Munksgaard 1982). This then

provides a convenient method of explaining the resemblance

of Huronian volcanic rocks to those of calc-alkaline

envi ronments.

An Archean subduction event similar to that discussed

above <see also. Card 1987; Dimroth et al . 1983; Blackburn

1980; Langford and Morin 1976) has been suggested by Jolly

(1987b). This event would have been prior to 2.68 Ga as

Frarey and Krogh (1986) have suggested the area was

tectonically stable by this time.

6.4.2 Summary of Mantle Processes

Metasomatic enrichment of the sub-continental

lithosphere by hydrous veins from an Archean subduction

event prior to 2.68 Ga is a likely scenario for the

formation of the PVS. This explanation also accounts for

the formation of the Thessalon volcanic rocks.

It is not possible with the data available to

substantiate this hypothesis beyond what has already been

expressed. A larger sample population and extensive isotope

studies would provide further insight.
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6.5 SUMMARY

Lithospheric hydrous enrichment -froin subduction

processes, as mentioned above, may take the -form o-f veins or

pods (HawkesMorth et al . 1984; White and Patchett 1984).

Once incorporated into the lithosphere these heterogeneities

will begin to homogenize. As the two proposed sources,

discussed above, resemble each other very closely it is

likely that either the heterogeneity was very large or that

some degree o-f homogenization took place between the

subduction event and the extrusion o-f the PVS. I-f the

source was composed o-f 10% veins 3-4 cm wide, a situation

considered to be not unlikely (Hanson 1977), at 1200 *C

homogenization, by di-f-fusion, would occur in 40 Ma. This is

ample. The minimum amount of time between subduction and

extrusion is considered to be 230 Ma, which is good

indication that some degree o-f homogenization has taken

place. In addition, although the spatial relationships

between the PVS and the Thessalon volcanic rocks cannot be

accurately determined, Zolnai et al . (1984) indicates the

Aphebian distance between Thessalon and the PVS to be under

500 km. This is not very large and, combined with the

evidence above, certainly suggests that two similar sources

could have -formed in the Huronian sub-continental

lithosphere.

Calculations (chapter 5) demonstrate that -fractionation
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took place in at least two separate ntagma chambers. The

initial chamber's fractionating assemblage consisted of

olivine and clinopyroxene while the latter was composed of

plagioclase and clinopyroxene. It cannot be determined

whether the same fractionating chambers were used by both

melts at different times or if the separate chambers were

employed with unknown chronologies. The degree of

diversification in Thessalon may indicate that the lavas

formed as a series of separate fractionating pods as they

rose to the surface.

The Thessalon lavas and the PVS are genetically related

but are not necessarily coeval. The Huronian

sub-continental lithosphere was enriched in LREE due to

heterogeneities caused by Archean subduction and the

formation of hydrous veins.

The PVS was formed as two separate partial melts from a

similar source.
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CHAPTER SEVEN

CONCLUSIONS

The Pater metavolcanic sequence was extruded during an

immature ri-fting event approximately 2.4 billion years ago.

A previously assumed genetic relationship between the

volcanic rocks o-F Thessalon and those at Spragge can now be

substantiated. Other conclusions determined in this study

Are listed below.

1) Readjustments, in the -form of depletion and

enrichment of the alkalies, Sr, Rb, Ba, Cu, Ni , and SiOz

have occurred in the PVS. Increased analytical error may

account for the apparent mobility of Zr, Ce, and Y. EFeaOs,

AI2O3, TiOa, are considered to be subject to minimal

137
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redistribution and have remained essentially immobile. The

mass-balance and LMPR method of quant i-Fing the secondary

mobility of selected elements is not suited for the PVS. No

parental (unaltered precusor) is available for the former

technique, whereas the assumption of minimal SiOz mobility

cannot be satisfied for the latter.

2) Enrichment of the LREE in the Huronian mantle,

relative to the postulated Archean mantle and N-MORB may be

due to an Archean subduction event that occurred prior to

2.68 Ga.

3) The Pater volcanic sequence was formed by two

separate partial melting events from a similar source.

Fractionation occurred in a minimum of two chambers at

different levels in the lithosphere or lower crust.

4) Nb contamination derived from the implementation

of a tungsten carbide shatterbox is generally within

analytical error.
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GEOCHEMICAL ANALYSES
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The major elements concentrations including loss on ignition
(LOI) is given in weight percent. Trace elements are
reported as parts per million (ppm)

.

Recalculated values for the major elements are
contained in the second column -for each sample.
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SAMPLE A6A A6B A6C ASA

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE A48A A48B A48D ASOA^

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE ASOB ASIA AS3A AS3H

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE A56A A56B A56C A56D

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE AS6E A56F AS6G A56H

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE A57B A58 B59A B59C

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE B60 B61 B62B B62D

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE B63 B63-0 B6S B66

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE D79 D79-D DBIA D81B

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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SAMPLE D82 D84 D86 D88

MAJOR ELEMENT OXIDES (WEIGHT PERCENT)
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Mb CONTAMINATION
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Nb Contamination

Hickson and Juras (1986) reported Nb contamination -from

use o-f a tungsten carbide shatterbox during sample

preparation. To test this implication six samples were

chosen to undergo two independent preparational procedures.

Randomly selected amounts o-f each sample were separated.

One portion was crushed in a tungsten carbide shatterbox and

the other in a chromium-steel planetary ball mill, selected

since Cr could not be analysed with the present apparatus.

See results listed below.

With the exception of one sample (A43B) the precision

is within analytical error. This would seem to indicate

that there is no contamination due to the tungsten carbide

shatterbox, or i-f present it is only minor. Note that 50%

o-f the samples exhibit a increase in absolute Nb

concentrations -from the shatterbox as compared to the ball

mill

.
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Nb contamination

Sample Nb concentrations Nb concentrations
Chromium-steel Tungsten carbide

<ppm)

IS

14

16

10

9

7
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APPENDIX IV

CALCULATED EXTENDED PLOT VALUES

184
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Concentrations -for selected elements (El) given in ppm.

El A BC DEFG
La 2.06 11.36 6.13 25.31 23.68 0.62 0.31

Ce 4.14 22.69 15.0 50.09 47.90 1.64 0.95

Nd 1.53 8.26 9.7 17.87 32.10 1.23 0.86

Sm 0.34 1.81 1.77 3.84 4.30 0.39 0.32

Zr 12.0 61.02 62.5 122.1 87.9 11.35 11.4

Eu 0.10 0.53 0.42 1.11 1.11 0.13 0.18

Ti 1046 4663 4610 8004 9757 1240 1177

Y 3.0* 12.14 11.3 19.24 10.3 3.68 4.1

Yb 0.33** 1.67 1.64 3.34 3.30 0.42 0.5

A Huronian source a-fter Jolly, 1987a

B Huronian source a-fter 18% melting

C LAB a-fter corrections

D Huronian source after B'A melting

E MAB a-fter corrections

F Archean mantle Sun and Nesbitt 1977, Jolly 1987a

G Average N-type MQRB Wood et al . 1979, Jolly 1987b

* corrected (see text)
** in-ferred (see text)
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