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ABSTRACY -

The Supracrustl rocks znd the ossociated igneous bodies
between Scouriec and Foindle occuny north-easticrly and north-
westerly trending zones respeclively within the mainland Lewisian
Complex, -These rocks are brovn-weatnering, 'unusual'! types of
récks within the conplex, and czn easily be distinguished fronm
the igneous intrusions, They have been e-ucnglv01J affected by
-two rezional tectono - metamorphic evenis, An early metzmorphisn

roduced mediun pressure granulite facies assembleges., They were
then retrozresced, vwhich probably increased the abundence of

horntlende, The dezree of this amphibolitization increases frox
Scourie -in the south to Foindle in the north. Potesh metascnatisn
accompanied this amphivolitization,

Petrograpnic studies show that the suprzcrustal rocks are
esséntially guartz - féldspathic gneisses Charactcrized by the
asseablag e: quartz 4+ blotite + feldspars + garnet + muscovite +
sillimenite + hormblende + Xyanite + zircon + rutile, In the
meta~igneous rocks, typical assemblage is: horablende + quertz +
feldspars + garnet + biotive, Few primary i-sneous minerals or
textures have been recognised in some of whe rock samples studied,

Geochenical studies reveal © these Supracrustal rocks are
metasediments -~ meta-pelites (in which sillimenite and Kyzcnite may
be preserved), meta-sreyvacxes, and meta-zrkoses, - and that the
anphibolites are probably nmeve-basalts of low - élkali tholeiitic
type.

On the basis of {ield evidence, petrography and seocaenistry,
it is suzgested that the metasediments could have been derived fron

older neta-isncous rocks by nor:nel sedimentary processes, This

probably occurred in the early Scourian ar pre-3courian,.
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CHAPTER 1

INTRODUCION

1.1 The Lewisian Complex (Fig. 1.1).

'Tewisian' is the name given to the Precambrian basement
Cﬁmplex of North-west Scotland (between thelMoine thrust and the
west coast), and the Outer Hebrides, The Complex together with
other gneiss terrains formsthe North Atlantic craton, and is also
a portion of a larger Precambrian Shield area fragmented by the
opening of the North Atlantiec in Phanerozoic times, The remnants
» of this Precambrian craton are now located over much of Greenland,
along the coast of Labrador in Zast Canada and in the Lewisian
(Davies, 1974). The ecraton and the marginal mobile zones
incorpofate a wide variety of rocks which include migﬁﬁaités,
intrusive igneous bodies and supracrustal rocks which all have a
wide range.of compositions. The rocks are characterized by
granulite or aﬁphibolite facies mineral phases. The oldest rocks
of the craton are found in West Greenland to be about 3800 oy
(lMcGregor, 1973). Most rocks of the Lewisian Complex. are about
2800 mﬁ in age,

Within the Lewisian Complex are rocks which have been
metamorphégéd more than once in their hiétory and whicﬂ are old
enougn to represent é ﬁery early stage in the evolution of the
earth's crust, The tw6 principal groups of me%amorphic episodes
responsible for the development of the complex have ﬁeen termed
Scourian (older) and Laxfordéan (younger) by Sutton & Viztson (1951).
Lewisian rocks are unconformably overlain by unmetamorphosed
Torridonian or Camﬁrian sediments.

The Lewisian Complex exhibits some lithological variations
summarized below:=

(a) Dominant pyroxene granulites

(b) Dominant greéy gneisses or granite sheets, granitic
\
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gneisses, and
(e) Supracrustzl rocks which have resisted incorporation invo
(a) =nd (b), These rocis have been found now in incre~sing awabor
within the Complex (eez. Cowerd eqal. 19%9), Thne outecrops of
these Supracrustal roecks ronge in size from a few scuare .ietres to

belts many zilomctres long, =nd thelr preservation rerflszcts a

<k

major inhomogeneity in the gneiss - forning process., This thesis
is conccrned nainly ~ith an investigavion of the petrosrsophy end
chenistry of Supr:crust:l rocks in purt of the mninlsnd Lewisian

outerop., In the Cuter Hebrides, the intensity of Laxfordian

reworking of Scourizn rocks viries markedly even witnin small crels.

-4

n some places Scourizn structures and minerals c-re preserved,

while in others, where the gneisses have suffered the full effects of

Lexfordizn deformation and crystallization, Seourian Teapitures are

almost totally obliterzted (Lisle, 1974: Coward, 19€9; Grzhgm; 1369),
_Structural aspects of large proporiions of the Lewisian

Complex have been investigated by many in great detail but little

atténtiqn has been péid to details of the metamorphic history

-preseryed in the ro€ks in order to understand the charscteristics

of the sever:zl metamorphic'events. in attemp? in this line has

been made in Dickinson {(1974).

In the Lewisian, the intrusion of basic dykes (Scourie dykes)

~

marks a useful event, since the metamorphism and def.rmation of
these dykes‘can be used to subdivicde the Complex into the older
(Archean) Scourian and a younger (Frotcrozoic) Lexfordian Complex
(Sutton & Vatson, 1951),.

The boundaries that separate blocks of the older complex
frém the areas of 'reworked' complex, occur roushly at intervals
of a few tens of kilometres, The arcas of rewcrked complex have
been desi_nated "Marginal telts" by Davies (1974) and are nostly
north-vest trendinge.

Vithin the Lewisian Complex, two types of margincl bold have
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been distinguished, namely:- -
(A) One type of marginal belt lies between an older region that
retains granulite facies assemblages and that has reméined essentially
stable since the end of granulite facies metémorphism, and s
reworked zone which has amphibolite facies mineral assemblages and
néw structural patterns. This type of marginal belt is well
developed in the Scourie - Laxford region (Sutton & Vatson, 1951),
and in the Loch Inver region (Evans & Lambert, 1974).
(B) The other type of marginal belt lies between blocks which
fetain older structures but have amphibolite facies mineral
, assemblages, and regions where new structural patterns are
developed in conjuction with amphibélite facies mineral assemblages,
This type of belt has been encountered most often in the Western
Gneisses (Dearnley, 1962) of the Outer Isles and is typified By
those of north-west Lewis (Lisle, 1974) of which the Ness belt is
an example, -

In the Scourie - Laxford area, a north~westerly trending
tract of besic and ultrabasic rocks broadly marks the transition
zone from pyroxene gneisses in the south éround Scourie to the
granites and migmatitese'to the north around Laxford, In the
Quter Isles, there are also pblycyclic quartz - feldspathic gneiss
marked by ultrabasic, basic gnd anorthositic rbcks. This
'distinctiv§:éssemblage'of ultrabasic, basic and anorthositic rocks
'is aééociétgd in each’regién with Sﬁéracrustal ﬁocks; similar
associations also occur outside the marginal belts and often lie
in north—West.trending beits as in the northrweét Lewis (Lisle,
1974) and Scourie - Laxford area (Davies, 1974).

The origins of some of the major crustizl components of the
‘Lewisian are st1ll matters of debate. For -example, in the
Godthab area of Vest Greenland, which seéms to have escaped the

granulite facies metamorphism that affected most of the Horth
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Atlantic craton, the work of McGregor (1973) sugzests that the
Supracrustal rocké were laid down-on a basement of deformed granitic
rocks, and that a series of younger ultrabasic, basic and
anorthositic intrusions were emplaced into this older complex,

The existence of such a basement in Scotland is still in doubt.

1.2 Surmary of the Lewisian Complex Past Studies

Extensive studies have gone on for the past 25 years on the
Precambrian beasement complex, Studies have involved many facets of
geology and here an attempt is made to record most of the mnejor
findings by different workers,

Peach etel, (1907), were the first to do a systematic mapping
of the LewisianlComplex, Scotland over a period of more than 25
years, | This work resulted in the publication of the first maps
on a scale of 1" to 1 miie‘ana of a geological survey memoir for
the mainland region. The authors (op cit. p.37) diviéed the
Lewisian into 3 regioﬁs (see Table 1.1). Teall (op c¢it. p.41)
preferredvthe following grouping based upon rock types:-

.(A) The Fundamental Complex: rocks allied to plutonic igneous

rocks, with metamorphosed sediments around Loch Naree and

Gairloch

(B) A series of Pre-Torridonian dykes and sills of basic,
ultrabasic, and acid type intruded into TFundanmental
A Complex, | ’

The authors of the memoir demonstrated that in the Central rezion,
the Fundamental Complex is invaded by unmodified dolerite dykes
while in the northern and southern regions, dykes of the same
suite have been affected by later events and are now incorporated
into the complex; they cannot always be distinguished from older
basic rocks belonging %o the Complex itself. This alteration of
.the dykés was attributed. to the 'terrestial stresses® which also

caused the development of a new northewesterly troending foliation
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within the same part of the Complex, It is vital to mention
that the work by Peach eﬂal. (1907) has remained a useful guide
to later workers on the goneral geology of the Complex, Some of
their results have, to date, remained undisputed,

The next major advance came, after about 50 yrs., from the
wbrk of Sutton & Vatson 61951). They demonstrated that the peried
of stress opcﬁrring after the dyke intrusion was accompanied by
regional metamorphism and migmatizﬁiibn: over a very wide'area.
They thérefcre recognized two metamorphic complexes within the
Lewisian; the older (Scourian) complex predating the dyxes and the

, younger (iaxfordian) complex-post-dating them. -The Scourian
metamorphism was in granulite ,fa.cies while the Laxfordian
metamorphism was in amphibolite facies, During the Scourian
metamorphism, a general north-east trending foliation was produced
énd the Scourian Complex was intruded by a suite of dolerite dykes;
in the Central part of the Complex these dykes are unaltered and
show igneous textures and mineralogies, Sutton & Watson (op cit),
alsd showed that after the period of dyke intrusion, further
episodes of metamorphism in amphibolite facies occurred which
reworked parts of the Scourian Complex; injecfion of granites and
pegm&tite$~ occurred zand. the Scourie dykes were deformed,
mefamorphdéed, and incorporated inte this new Laxfordian Complex.
The Central part .of Scourian Complex was, however, nobt affected
by these'évents and the Scourian minerals and stfuctures wvere
preserved.

Further stimulaiion in researches into the Lewisian Complex
came by the advent of radio-- isotopic methods for dating rocxks.,
Gilleti etal, (1961) applied Rb-Sr methods to micas and feldspars
from Scourian pegﬁ:tifes: and found they were more than 2500 ry old;
by similar methods they dated the Laxfordian pegmatiles atla‘u‘out

H1600 my. A swmmary of the dating results was provided by

Moorbath etal. (1969) and is given in Table 1.2. DPb~isotope
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dating by licorbath eﬁ%l (op cit) shows that the greater part of
the Lewisian Complex was already in existence at 2900 + 100 my,
These research workers also considered that substantial uranium
depletion at the time resulted from the granulite facies
metamorphisn thus giving an older date for this event than that
indicated by Rb=Sr and K-Ar methods,

‘Bvans (1963, 1964, 1965) used structural and radiometric
efidence to define an amphibolite facies event which locally
produced a zone of north - west - south - east trending foliation
~at about 2200 xy (the 'Inverian'), This event reworked the
)Scoﬁrian gneisses, but the Inverian structures which it produced
are themseives cut by Scourie dykes,

In the Outer Hebrides Dearnley (1962) was the first to
recognise basic dykes, equivalent to the Scourie dyke suite of the
mainland, which he used tq separate Scourian effects from those
of Laxfordian; He proposed a three-fold regional division of the
Outer Hebridean Lewisian similar to that of the mainiand. This
three fold division was not followed by Coward etal, (1970), who
maintained that the central zone of the Hebrides, unlike that of
the mainland, had suffered considerable, if variable, amounts of
Laxfordian deformation,

Myers (1968, 70, 71) studied the Vestern Harris migimiite
complex and the Langevat Supracrustal belt, He shnowed that the
early gneiﬁs complex was developed by extensive fecrystallization
of a supraérustal sequence, althouzh some supracrustal relics
remained, He demonstrated that the main Laxfordian event was in
amphibolite facies with granulite assemblases developing further
southwards, 4 later (Laxfordian) synkinenatic granite =
mighetite complex developed in Vestern Harris accompanied by
widespread hydrous metamorphism, granitizatlon was catalysed by

introduction of potash,

Reseurches in later years on the Lewisian geology have
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concentrated more in the fields of geochemistry and geophysicé.
Lots of geochemical studies have ﬁeen undertaken on major and
minor scales, The reseérches are so meny that they cannot all
be enumerated here, They are, therefore, mentioned in this
thgsis as need -entails,

Iittle geophysical work has been done, A grévity
investigation in relation to the structure of the mainland complex
has been published in Bott e#al. (1972). From their gravity'
profiles across the Ben.Stack Line (Peach eqal. 1907 p.126; Holland
& Lambert, 1973), and from the I.G.S. aeromagnetic map, they
, showed that the Laxfordianlbiotite gneisses in the north are
underlain at a deptﬁ of a?out 3 kilometres by pyroxene granulites
gimilar to those that outcrop in the Scourian complex to the south,
A palaeomagnetic study of part of the Lewisian was undertaken by
Beckmann (1976). He measured the directions of magnetization in
the dykes and gneisses of the Central zone of the mainland
Lewisian and in the Laxford granite sheets. Results showed that
the paleovole direction for a Scourian granulite fell very close
‘tO”thQ mean for the dykes and that a stabie magnétization-was
probably imposed in the late Laxfordian metamorphism at about
1800 m.F.

The results from theése studies have helped to confirm the
previcusly held ideas, disprove them or create new ones, but some
of the coéplex problems of the Lewisian geology/are still to be

solved,

1.3 Supracrustal rocks in the Tewisian Complex

In this section of the thesis, a brief comment is necessary

sbout previous work on those rocks which are the main object of

i

this thesis, These rocks have been recorded in the complex as far

/3

back as 1319 by MacCulloch. He feund a marble in Rodil (South

r

Harris). Researches in the last ten years have shown that such

rocks are more widely distributed than was fémmerly supposed,

4]
[]
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Distinctive areas of metasediments are recorded from -
(A) Gairloch 2nd Loch lNaree districts (Peach eyél. 19073
Bowes & Battacharjee, 1967; Park, 1964)
(B) The Leverburgh and Langavat belts of South Harris (Jehu
& Craig, 1927; Davidson, 1943; Dearnley, 1959, 1963;
. Coward eﬂal, 1969)
(C} The Ness district of Lewis (Watson, 1969)
(D) Gleﬁelg (Clough, 1910), and
(E) Scourie and Laxford (fig., 1.3; Davies & Watson, 1977).
Smaller patches of similar material are recorded throughout
the Outer Hebrides (Cowarad eqbl. 19693 Lisle, 1974); from the area
between 16ch Lexford and Durness (Chdﬁdhgyy e?bl. 1971), south east
‘of Scourie (Barooah, 1970), and from Scourie lore {Savage, pers.
éommunication). Sheraton (1969) concluded from geochemical
evidence that many of the gneisses in the Drumbeg area had originatéd
as dacitic and andesitic lavas which were intercalated with 'thin
éedimentary horizong.
Séme, if not all, of the‘Supracrustal rocks existed before the
Scourian netamorphism, 2900 m,a (Coward e#al. 1969; Coward eﬁbl.
1970) and their relatibnships with other rocks are of great

importance in a study of the entire complex,

1.4 South Harris metasediments

The métasediments are probably amonz the oldest rocks in the
Outer Isles, and are either Scourian or pre-Scourian (Skinner,
1970}, These rocks from South Harris deserve special mention
because they represent at the present time, what may be referred to
as 'obvious' metasediments in the Lewisian, They include

(a) forsterite marbles

(b) diopside rich calc - silicates,

' (¢) graphite schists,

(&) Guartmites, and.
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(e) Kyanite or sillimanite gneisses,
Usually the carbonate and calc-silicate rocks are found in
discontinuous lgnticular patches. Pelitic and psammitic gneisses
are much more abundant, They consist essentially of quartz, ene
-or two feldspars, biotite, garnet and kyanite with occasional
muécovite, sillim;nite, hornbiende or rutile, This assemblage is
higa grade_but the occasional presence of muscovite nust preélude
granulite facies temperatures, and could be due to the retrogression
of the early. granulites., Cordierite ﬁas reported by Davidson
(1943), more receﬁtly by Coward eyal. (1969), and by Cunningham
(pers. communication) in South Harris, but it has not been seen in
any of tne specimens collected by the writer in the Foindle and
‘Scourie region of the mainland, The mineral assemblages obse?ved
in these metasediments are rarely seen unmodified. The sediments
are not intimately intruded by an igneous complex, They show a
strong retrogression, and in some caseé complete recrystallization,
The garnets are frequently seen altering to biotite, this time a
pale-yellow brown or yellow-green biotite in contrast fto the
brownish~yellow primary metamorphic biotite, The foliation is often
seen rotated by this post garnet formation such that it is at
variance with a relict foliation retained within the garnets. In
the most spectacular examples large kyanite crystals are seen bent
-arount the euhnedral garnets, Some examples are retrogressed and.
crystallizea that they are composed entirely of qﬁartz,~feldspar and
biotite, the last mineral showing a -marked preferred ofientation.
Dearnley (1963) and Witty (1975) consider that there is evidence for
two periods of garnet growth corresponding to granulite facies
metamorphism in the Scourien and Laxfordian, ‘Davidson(1943) did not
recognise a super-position of events, bul both agree that the present
asseniblage was formed at the time of the metamorphism of the Igneous

Complex which intrudes  thenm,
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1.5 Previous work in the Scourie -~ Laxford area

The Scourie ~ Laxford area forms a transition zone between
the Scourian gneisses cut by basic dykes to the south and the
Laxfordian polycyclic gneisses in the north, llany studies have
been made on the rocks within this transition zone, Here, an
atéempt will be made to summarize what are considered to be the
contributions from various workers under the headings: Structural

geology, gseneral geochemistry, and sedimentary relics.

1.5.1 Structural geology

, Several maps (e.g. fiz. 1.2) from the area have been published
and structgral interpretations given: e.g in Peach eqbl. (1907)
‘Watson (1949; Sutton & Watson (1951); Sutton & Watson (1961);

Beach (1974); Beach et/al. (1974); Holland (1966); and Davies (1974,
1976). A major controversy arising from this work has been over
the 'best' interpretations for the evolution of the Lexford front
with particular emphasis on the emplacement of the migmaﬁiiés;

Therg are two schools of thougnt, HollandA(1966) believes that

the migmatites were folded into a basement of pyroxene granulites,

1

Beach (1974), on the basis of existing geological and geophysical
data, suggeséed‘that the development of the shear zones followed
regional north-ward overthrusting (of unknown extent) whicxh emplaced
* the Scourian granulites abo?e what are now Laxfordian mighazités,
The Laxford front is a zone of complex rotational deformation which
separvates intensely deformed Laxfordisn migmabltes fron
heterogeneously deformed pyroxene granulites (Beach eﬂhle 1974).

The dominant sense of movement as inferred from the shear zones is
sinistral and norith-side upwards. This implies that the umigmasites
Weré moving upﬁards from beneath the Scourian granulites {i,e
overthrusfing).l

Howewver, in general, all previous workers in the area accept

'the fact that there have been two major phases of deformation and



30

that the Laxford front mzrks a zone'of exceptionally high strain,
Almost 211 apthors also azree that modified Scourian rocks extend
as faxr north as the outcrop of the Laxford granite sheets; most
regard rocks of the Laxfordian complex north of these sheets as
time ~ equivalents of the Scourian granulites, differinzg from the

latter in metamorphic history,

1.5.2 Mafic and Ultramafic rocks 4

Valuable mineralogical and chemical studies were madeaby
OtHara (19612, b), Muecke (1969) and Bowdidge (1969) on the Scourian
ultrabasic and basic gneisé masses at Scourie, These layered
'igneous bodies have been interpreted by some of these workers to be
cumilates, Bailey (19515, and Burns (1966) also studied the dykes,
Burﬁs (op. c¢it) in his study on the chemical and mineralogical
changes aséociated with the Laxfordian metamorphism of dolerite dykes
in the area showed that introduction of componeﬁts was 1imited, only

potassium showing a marked increase in concentration.

1.5.3 General geochemistry

Holland (1966) used 400 chemical snelyses in his geochemical
study of the Lewisian rocks of the Scourie ~ Laxford area. = On the
basis of hié.data, he suggested that = geochemical boundary between
Scourie and‘Laxford laj within the presently accepted Laxford.front,
but such a boundary is not easy to establish on the ground. Beach

ethl, (1974) also hold the same view as Holland (op. cit),

1.5.4 Sedimentary relics

The existence of possible sedimentary relics between Scourie
and Laxford has gradually been confirmed, and petrograpnic and
chemical evidence on this subject is summerized below,  All examples,

-

except (2), ars from work on the Scourie Complex.
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(1) Barooah (1970) describes 3 rock types, namely calc~
silicate granulite,'meta-arkose,(ané éhlorite schist, The
€alc~silicate granulite, a2 diopside - garnet - calcite -~ plagioclase
rock, is of particularly convincing sedimentary appearance, both in
haﬁd.specimen and thin section,

(2) Choﬁdhary eﬂél. (1971 descriﬁ; two occurrences of
guartzites in the lexfordian Complex near Rhinconich.

{3) Cloﬁgh eﬁhl. (1907) in the Geological Survey of Scotland,
‘6" sheet Sutherland 39, note thé irregular sill of saussurite,

They also recognised two occurences of limestone between Scourie
and Kyiesku and existence of garmetiferous rocks (garmnet - biotite
schists) near Ben Stack, |

(4) Davies (1974) mapped a series of '"brown schists', He
interpreted them as metamorphosed Supracrustal rocks with mineral
assemblages (si;limanite and kyanite) characteristic of aluminous
metasediments, and also calc-silicate gneiss,

The field occurrences of these rocks between Scourie and
Laxford and within the entire lewisian, suggesti£g sedimentary origin
render the hypothesis of direct derivation of the entire complex
from the mantle some what less palusible. The existence seems

gignificant in the interpretation of the Lewisian history.

~ 1.6 The present work

e

4 majqr dificulty in the Scourie - Laxford region has been to
produce satisfactory criterié by which the nature and origin of
lerge number of supracrustal rocks could be established, The work
discussed in this thesis is therefore an attempt to

(2) define the characteristics of the Scourie -~ Foindle

Supracrustal rocks

(») describe those textural Teatures of the rocks which give

vaeluable information on the mode of deformation tnat

prevailed during their history
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(¢) elucidate the nature of the metasomafism that affected
then -

(d) wuse chemical evidence %o

(1) ciassify them

(2) suzgest what rock types théy were before metéﬁorﬁﬁism and
-defornmation, and ' |

(3) propose a2 source and how they were derived,

1.7 Hethods of study

The lqcalities shovn in fig. 2.1 were mapped on a scale of
131000 over an area of about 5,59 sq. kn around Loch llam Brac, in
the region of Poindle, and on a scale of 1:3520 over an area of
/0.56 sq. km around Lochan Creige ‘ilhail, in the region of Scourie.
In situ exposurés were poor due to the_effects of glaciation which
has obscurred some of the‘solid geology.

Semples were collected by randon sampling, As a resuli of
the inhomoseneity of the rocks, the choice of representative saﬁples
was a matter of personal Jjudgenent, However, it is considered that
the collection can be regarded as representative for the region.

Taboratory work included a petrozraphic study of 116 thin
sections of the rocks from both areas, and analysis of 56 selected
rock sampleé by X-ray fluorescence, &et chemical, and instrumental

Heutron Activation techmiques,

163 Pormat

The metric system of measurenent has been adopted tnro ughout

the thesis, A1l Giasrams are Vvermed figures, photosraphs are

s

bles, Yhese are

v 3

referred to as plates while tables still remain ta

numbered saqu cnt‘aMy witnin each chapter. The numbers of the thin

sections which appear in photosraphs (Chapter 3) refer to the thin

sectlon numbers in the Department of Geology collection, Imperial

Collese.
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1.9 A note on tewminolog:

The terus '"courlan' and 'Lax:ora;aﬁ' were introduced by Sution
& Vatson (1951) to refer to prc—dyke and post-dyke events; and were
definéd to include all events which fell into these two divisions of
time, In view of the increasing knowledsze qf the complexiu§‘of th
nistory. of the Lewisian, as well as the fact that there are several
types of basic dykes present in the Lewisian (Tarnecy, 1963; Otiara,
719§1a; Sutton & Vatson, 19513 Clougn eﬁél, 1807), and the possibility
that these dykeé may be of more than one age (Dowes & Ghaly, >1964;.
Bowes & Zhoury, 1955; Ivans & Tarney, 19643 Park, 1954), it may be
moré desirable to nave SpeC1flC nenes vo sevarate phases of
metanorphism, which sre not defined in terﬁs of.their relations to
- ahy dykes. The method of isotopic dating makes it feasible to
adopt this nomenclature,

In this thesis, the.terms 'Scourian' and 'laxfordian' are used
in much the same sensc as they were used by Sutton & Vatson
(1551) buu not in tbe broad sense tnat thelr strlct definition would
inplye They will refer to groups of rocks, Scourian gneisses .
(Scourian Complex) formed in single metba: orphlc episode and uhelr
netamorphic effects are best seen at or near Scourie and dated at
about 2600 my while the ILaxfordian gneisses (laxfordian Complex)
refer to th;;é later rocks typiéally seen around Laxford and about
1600 my oid, Taerefore, !Scourian' could be saild -fo represent the
pericd from tae.accumulation of the Sopracrustal pile which may rest
. L

upon an earlier basement to thne cnset of the intrusion of the

Scourie dyke suite 2t or before about 2130 my, and 'Laxfordian’
denotes the period from 2190 to 1400 zy (Dickinson, 1574). Such

terms a2s Badcallian {Park, 1570} and Inverian {Ivans, 1365 } wnich

A

refer to more narrowly deiined eposides on the mzinlznd have been

£ de
[

avoided in this thesis in order not to creatve a confusion of takin:

them to be eifther distinet orogenlies or cpiscdes of mebtanorphi

and/or deforaation,
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A few terms are used without introduction, 'Foliation' and
tgneiss! are used in the sense of Harker (1939) to apply to any
planar structure, and any coarse grained metamorphic rock showing
this structure. 'Banding! is considered as a variety of foliation,
’Granulite'.is used exclﬁsively to refer to the granulite facies,
All abbreviations used are explained in the Appendix 1, and

are either conventional or self-explanatory.




Table 1.1 Division of the Lewisian into regions, extent and rock types (after Peach et al. 1907)

Region

NORTHERN

CENTRAL

SOUTHERN

BExtent

Cape wrath
%o
Loch Laxford

North of Scourie %o

Loch Broom

Guinard Bay to
" Loch Torrindon and
Island of Raasay

Main rock typés
Hornblendeand

Biotite gneisses

Pyroxene gneisses

Hornblende & Biotite gneisses
Augen gneisses
Sedimentary rocks in
" the neighbourhood of

Gairloch

114



Table 1.2 Major Events in the History of the Lewisian Complex of the mainland based on the Rb—Sr

dating from Moorbath et al (1969).

Age

2,600 my (minimum)

2,5400 - 2,310 my

2,190 = 1,900 my (?)
1,800 - 1,700 my (minimum)
1,700 - 1,6500 my

1,450 = 1,400 my

Events

Early Scourian metamorphism; structures of
the north - east - south - west trend

Intrusion of dyke - like potash pegmatites
of north-east trend with cut Scourian struc-
tures and are locally folded by later events

" Intrusion of Scourie dyke suite

laxfordian amphibolites facies metamorphism;
structures of north-west trend

Laxfordian pegm atites and granites

Termination of radiogenic orgon and
strontium diffusion,

9¢
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Scourian: complexes

=]

[:::] Laxfordian complexes

D Undated eomplexes on forcland

[E;E] Undated. complexes of Caledonian orozenic belt
-~  Outer Isle Thrust-plane

. IIoine Thrust pleane

156 161 Sketch-nap showing the meinloand TLewisian outerors

(after Viatson, 13903)
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CHAPTER 2

FISLD RELA CIONSHIVS & STRUCTURES

2,1 Ceneral

The areas studied in this thesis are shovn in fig, 1.2 which
gives a sjnthesis of the major tectonic structures that have been
mapped in the area between Scourie and Laxford. The source of
information for this compilatién is Beach eﬂal. (1974). The
transition zone in the Scourie - Laxford region is of fundamenfal
importance, as was recognised by Peach eqal. (1907). Since Evans
’(1963) suzgested that the Locﬁin&ver antiforn was of late Scourian
age,'the real aze of the geometrically similar structures in the
Scourie = Laxford region has been in dispute, One of the principal
results of remapping in the latter arez has been the recognition
that certain tectonic strﬁctures, regarded as laxfordian by
Suttoﬁ & Watson (1951) were formed prior to dyke intrusion and were
therefore late Scourian in age. A series of Scoﬁrian folds was
mapped in this transition zone by Beach eth. (1974), and it was
found that s?rong Laxfordian deformation is concentrated in the
northern part of this fold belt, The Ben Stack Lipe, showm in fig.
1.2, is based on the work of Holland (1966) and marks a geochemical
bOuﬁdar§ defined by him in terms of rock chemistry. It thus formé
the soufhern 1imit of the mgximum development of the Laxfordian
granites, and as such was reCOgﬁised by Peach etal. (1907). The
tectonic significance-of this line is difficult to.judge (Beach,
197#). Peach ethl, (1907, p.126) reported it as being regionally
transgressive to the foliation,. The two areas chosen for this study
provide samples, firstly, of the rocks near the southern boundapy of
the trensition zone, where late Scourian and Laxfordian modifications
are relatively slight, and, secondly, éf the rocks from the northern
parf of the éransition zone, where these nodifications are strong,

Since the work of Clough (in Peech etfal, 1507), systematic



4T

mapping of the tectonic structures in the whole of the. Scourie -
Laxford area has been carried out by Beach e#él; (1974), and Davies
(1974).  Beach ethl. (19745 mapped é large number of lithologic
units whicn included components oflthe Scourian bésic/ultrabasic
intrusive complexes, The greatest concentration of metamorphosed
baéic and ulirabasic bodies is in the Foindle zone of Sutton &
Watson (1951) and in its south - eastward extension, Frequently in
this area gneisses consisting of garnet - biotite ~ plaéioclase -
quértz - gulphide assemblage are closely assoclated with the igneous
bodies. These are the 'bréwn gneisses' of Sutton & Watson (1951)
.and their distinctive weathering is a result of the decomposition of
metallic sulphide phases. A similar aésociation of gneisses of
igneéus bodies has beeﬁ described in the Lewisian of the Quter
Hebrides bleoward eqal. (1969).wh0 interpreted the.broWn gneisses
as relicts of metasedimentary rocks because of their similarity to
the undoubted metasediments of South Harris. The igneous bodies of
the Poindle area undoubtedly predate the granulife facies
metamorphism since fhey contain granulite facies mineral assemblages
although these aré frequently altered to more hydrous assemblages.

Davies (1974) working in the same area recorded the following
rock types:~

(2) 4 suite of ultrabasic, basic and anorthositic .rocks

consisting of

(1) Ultramafic rocks

(2) meta~-gabbros (including leuco-gabbros and mafic gabbros)

(3) mneta-anorthosite |

{(b) Rusty weathering Quartz - feldspathic schists and gneisses

consisting of
-(1) garnet i'sillimanite schists and mica schists
(2) qﬁartz rieh rocks

(3) calc-silicate gneisses
(4) amphibolites
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{(¢) Quartzo - feldspathic gneisses consisting of
(1) homogeneous gquartzo - feidspathic gneisses
(2) banded twMignatitic gneisses

(d) Scourie dyke (dolerite andzmetadolerite), and

(e) Pegmatites (Late Scourian and Laxfordian).

2,2 Magnetic inomalies in Scourie - Foindle region

Fig, 2.1 is part of the original one inch aeromagnetic survey
map of Great Britain published by I,G.S. It shows the magnetic
anomalies in the area between Scourie. and Foindle, It is evident
from a study of the magnetic anomalies in the region that the most
pronounced posifive snhomalies correspond wvery closely with ?ha‘
knovn oubtcrops of Scourian granulites, ';The area of Scourie lilore
{south of Scourie Bay) has an anomaly on the regional map of about
+ 4OOY . There is a very éteep ﬁagnetic gradient northwards across
Scourie Bay until near Foindle and Fanagmore where there is a
magnetic low of -250/200)/on the regiohai SUrvVey. The f=11 off-in
magnetism of {the rocks is a‘result of the granulites in this region
being amphibolitized (Beach, 1974).  Thas the magnetic gradient
across Scourie Bay coincides with the southern liﬁit of major

development of hornblende in former granulite facies rocks,

2.3 TField mapping

A 1arge amount of field data has already been published on the
ares in’whiéﬁ the present work was carried out, and the published
information provided the structural frame work within which thae
present situdy was planned. As part of this study, two areas as sihomm
iﬁ fig. 2.1 were selected, The rock %ypes and major stucturesd
wére mepped and recorded in geolozical maps (laps 1 & 2). . The field
‘observations which provide a frame work for the detailed petrographic

studies in the next chapter are now reported. This account is

given in two categories, namely, Field relaitionships and Structures.
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2,4 TPield relationships

Here, the main lithologic unitis and their field relationships
are briefly described, The némes given to the rocks were initially
field names’subject to later confirmafion by microscopic studies as
reported in Chapter 3. Gneisses and schists in Foindle and Scourie
aré of varying mineralogical compositions.  Following the work of
Davies (1974) the rocks were divided in the field into two groups
provisionally regarded as genetically distinct:

A, Ieta-igneous bodies and

B, Hetamorphosed Supracrustal rocks including metasediments.

2.4,1 leta=igneouy bodies

Meta~igneous bodies in Scourie and Foindle include
(i) .Mafic gneisses/Amphibolites

(2) Ultramific gneisses

(3) Anorthositic gneiss (only in Foindle)

(4) Quartz feldspathic gneisses

(5) Banded aéid gneisses

(6) Scourie dykes (dolerite and metadolerite), and

(7) DPegmatlites-

(1) Mafic gneisses/Amphibolites

On the basis of field evidence, it was not easy to draw a
boundary befween these rocks, This is because in Foindle, almost
gli of the original pyroxcne has been converted to hornblende, One
significant observation is that the amount of hornblende varies from
specimen, As a result, specimens with hornblende concentratiors
estimated to be >80 are referred to as Amphibolites whilst those'
Wi%h<;80% horrblende are referred to as mafic gneisses, In general,
specimens with more hornblende have been characterized by less amount
of garnet. This is likely due to retrogression, They are widely

distributed as layers, lenses, or pods (Plate 2,3) and in Foindle
H $
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have concordant relationship with the foliation of the adjacent rock
type as illustrated in Tlate 2.4, Samples of these rocks were talien
with the ain of comparing their compositions, . The amphibolites
can also be distinguished from similaf mafic gneisses‘by the
' presencevof yellow sulphide - bearing horizons, quartz - rich layers
and by the fact that they rarely contain garnet. Dark-green
hornblende, biotite and plagioclase are comuon. The origin of the
, amphibolite vis‘not certain but their close aSsociétion viith
supracrustal rocks may indicate a similar origin (Davies, 1574).
In some localities, foliation is caused by segregrétion of light
end dark coloured minerals into layers or clots, Alignment of
hornblende crystals within the layers also locally defines a
lineation,. The foliation of these rocks and conformable habit of
their occurrence (Plate 2.4) distinguished them from more massive

and cross—cutting meta-dolerite, Often these rocks are veined by

quartz (Plate 2.5), pegmmtite (Plate 2,9) and are sheared.

(2) Ultramafic and (3) Arorthositic gneisses

Rocks ranging from ulirabasic to anorthositic in composition
are associated with the supracrustal rocks in Foindle, They are
also present in extensive regions of quartz - feldspathic (acid)
gneisses, However, ultrabasic rocks are more prevalent “nan the
anorthositic gneiss which occupies effectively'a minimzl area (see
Ilap 2), In fact the only rock that is anorthosi%ic in composition
is found around LYNB 85 sample localiiy in Foindle. Mo rock of
that composition was recognised in Scourie, Davies (1974; Chapter
4) outlines the evidence that these rocks (anorthosites) form parts
of deformed sheet-like igneous complexes, which were originally
composed of cumulates and associated differentiates formed before
the Scourian granulite facies metamorphism and modified during

succesgive tectono - metamorphic events, The Foindle anorthositic

¢gneiss is rich in hornblende and plugioclase. Phe ultramafics in
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Scourie still retain some crystald of green pyroxene and opaques,
Signs of hornblende replacing pyroiene are seen in a few hand
specimens., .The hornblende increases inAébuﬁdan§e from Scourie
towards Foindle and there is also a progressive increase in
alteration of élivine to serpentine, - These data susgest

retrogressive effects an anhydrous granulite facies mineral phases,

(4) Quartz — feldspathic gneisses

These rocks often alternate with mafid‘gneisses or the early
basic and anorthositic masses (Davies, 1974);,' Tﬁey are massive
and light coloured and possess a few species of mafic minerals such
as biotite, The dominant feldspar'is plagioclase which often
occurs as augen from a few millimetres up to 3 cm long. Often,
mafic pods (Plate 2,3) are found enclosed in them, éhey occupy about
20 of the entire région.‘ In Féindle where the effects of ~
Laxfordian defdrmation are more pronounced chlorite and epidote are
present, The minerals mizght have been derived from biotite and

plagioclase respectively, which were the early mineral phases.

Occasionally the rocks grade into banded acid gneisses,

(5) Banded acid gneisses .

. Banded acid”éneisses (*migmatitic - gneisses', (Davies, 1974), are
composed of alternating layers of_quartz<— fledspathic (leucosome)
and amphiboie-rich (melanosome) minerals (Plate 2.2)e They may be
the hydrous equivaleénts of the pyroxene granulites which
predominate near Scourie, Pyroxcne is not however seen ih:the
outcrops of the gneissesrwithin the Supracrﬁstal belts since such
minérais have been rgplaced byvother later assemblages during the
process of rétrogression.' Bapdediacid gnéisses are only seen in
Foindle wnich is very close to the @igmatite complek at Laxs Tde

They occupy about 10% of the entire Foindle area and are usually

anciat ek I 4 Fe 3 ve
associated with the acid/quartz - feldspathic sheets, The early
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history of the banded acid gneiss-is a matiter of personal
interpretation‘of available data, Coward eqal. (1969) consider
them to be of Supracrustel origin., Bridgwater etal, (1973) and
Davies (1974) uphold the idea that the rocks be considerea as the
metamorphosed derivative of several generations of acid igneous

rocks which, on the basis of their present compositions, would

correspond to tonzlites.

(6) scourie dykes (dolerite and metadolerite) . -

In Scourie a dolerite dyke forms the norihern 1imit‘of the
map area (see Map 1), The dyke runs from the llinch coast.across
the entire areavtowards inland, It is north-west trending and
has sharp contacts.with surrounding gneisses. The width is about
50 nmetres, A specimen collected from it shows some igneous mineral
phases (plagioclase and green pyroxene) and a sub-ophitic texture
is obvious. The same dykevis deformed by Laxfordian pegmatite
and shears (Plate 2,1). Typical mineral assemblages according to
Sutton & Vatson (1951) are: | |

Andesine/Labradorite + augife + hyperéthene + ores, Sutton
& Vatson (op cit) also listed the changes in mineral assemblages
and textures of the dykes across the Scourie -~ Laxford transition
zoné as a result of Laexfordian tectono -~ metamorphic activity.

All the dykes in Poindle arez are meta~dolerites, All vary in
thickness from a few nmcires to tens of metres. in generzl thimner
bodies are nore alitered than the thicker onses, Typical mineral
agsemblazges of the meta-dolerites of this area ave:

Hornblende + plagioclase + quartz + blotite,

(7) Pesmatités

These are preserved in the basic igneous rocks and supracrusiel

o~

rocks., ~ They are of late Scourian or Laxfordien ase and usuvally

0y

occur as veins {Plate 2.7}, The pesmaiiives. have perihitic
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feldspars often pink in colour intergrown with guartz. Biotite,

and, rarely, garnet occur as accessories ,

2.4.2. Metamorphosed Supracrustal rocks

Metamorphosed Supracrustal rocks around Lochan Creige 'Mhail
"in Scourie include:
| Garnet granulite
Quartz - garnet - feldspar gneiss
Quartz feldépar - garnet gneiss
Quartz - biotite - garnet gneiss

Biotite - garnet gneiss.

~ Such rocks around Loch Nam Brac in Foindle include:
Quartzitic gneiss
Feldspathic gneiss
Quartz - magnetite gneiss
Biotite - muscovite - gafnet gneiss
Quartz - biotite - garnet gneiss
" Biotite schist
Quartz - biotite schist
Quaitz - mica schist
Quartz - garnet - mica gneiss.

(1) Quartzitic gneisses

Thesé rocks, domirantly rich in quartz () 80%), are found in
one area onlj (see HMap 2). With increasing amount of mafic‘
minerals aﬁd feldspar, they are referred to as 'quartzitic gneisses!
in preference to quartzites. Another acceptable name is 'impure
quartzites!. Characteristically, they are light coloured with
occagional minéral banding defined by some feldspathic layers, and
biotite. Quartz occurs as elongated grains up to 1 cm long but
generally between 0.5 mm and 1 mm. Posgibly this is the group

of monominerelic rocks found as part of the Supracrustal series and
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interpreted by Sutton & Wetson (1951) as being of metasomatic

origin, and derived from the Yearly basic! rocks, Beach etal,
(1974) identified them also as supracrustzl rocks. The mineral
content and‘ﬁroportions>suggest a sedimentary origin, and if

so, the rocgs could rznge from seni~pelites to impure psammites,
or‘could e%en ﬁe of voleznoclastic origin. Confirmation of their
origin and a possible mechanism of dérivation are discussed in

Chapters 5, 6, and 7,

(2} Feldspathic gneisses

These light coloured rocks which dnly occur in Foindle
resemble impure marbles, But petrographic study (next chapter)
shows that they are extremely rich in plagiéclase‘feldspar. The

outcrops from a small lens of about 150 cm long.

(%) Garnet granulites

Garnet grznulites are exposed in Scourie, They are rich in
garnet*(>50%j, up to 2 cm long, with hornblende-as the main mafic
nineral, They are coarse grained (Plate 2,6) and have conformable
contact with thé adjacent marfic gneisses,

*

(4) Biotite — muscovite — garnet gneisses

Gneisses of this type are found in Foindle, lidicas (black,
biotite and white, nuscovite) are prevalent with éarnets (= 1 cm).
Some outcrops form lenticular bands with‘thé rica flakés clearly
definiﬁg a lingation pattern, This linear arrangement of mafic
assemblazes is attributed to be the effedts of intense LaxTordian

deformation in TFoindle area,

(5) Biotite - garnet gneisses

Biotite is dominant in these gneissges whicn a&lso contain

pinkish garnets ( = 1 ca), These rocks are glightly cosrser
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grained than the average gneisses of the Scourie region vhere they

have been recognised,

(6) Biotite schists

In Foindle, quartz - biotite ~ garnet gneisses grade into
biotite schnists, Abundant biotite occurs, the.average grain sisze
being 0.5 mm. The grains are sub-parallel and define an obvious.

lineation,

(7) Quartz - biotite schists

With a greater proportion of quartz, the biotite schists
grade into Quartz = biotite schists in TFoindle. Quartz greins are

sbout 1 cm, Foliation planes, defined by biotite are still preserved,

(8) Quartz - biotite - garnet gneisses -

In Poindle and Scourie, these gneisses are found as lenses in
mafic gneisses and are often coarse grained; Abundance of quartz
and biotite is obvious with a minimal amount of garnet, Occésionally
the foliation is cﬁt by Laxfordian pegmatite: veins (Plate 2.7).
In Poindle the rgcks are concordant with the adjacent mafic gneiss
(Plate 2,8). The mafic gneisses (same plate) is itself a small
layer (= SWCQ) sandwiched-in the Quartz -~ biotite -~ garnet gneiss,
This position of the mafic gneiss within the CQuariz - bioftite -
garnet gneiés (supracrustal) is interpreted to reﬁresent tectonic

enmplacemnent.

(9) Quartz - magnetite gneissges

These are dark coloured rocks with appreciable amount
( =~ 20%) of magnetite, The rocks are exposed on the west of Loch
Ham Brac (around LIB 90 sample locality) in Foindle, where they have
a concordant relationship with the adjacent mafic sheets. These |

gneisges are distinguished from the nearly dark-coloured nafic rocks
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by the presence of red garnets, The mafic bodies are more massive

and have no garnets.

(10) Quartz - mica schists

In Poindle, where the effects of Laxfordian deformation are
seén, these rocks, light brown in coloﬁr,lcah Be rec;gnised by their
clear-cut foliations, defined by the presence of muscovite and
biotite,_and by their banding, Quartz grains aée greatly reduced

in size (=~ 0.5 cm), Adjacent to these schists are rocks which

are also enriched in micas, but with smeller proportions of quarte,

(11) Quartz - garnet - mica gneisses

These gneisses are similar to the preceding type except that
they have some garnet grains, - They are medium grained and have no
defined banding as have the quartz - mica schists, They have a

mottled colour,

(12) " Quartz - feldspathic gneisses with garnet

Rear Scourie; are gneisses which on macroscopié grounds have
been grouped as Quartz - garnet - feldspar gneiss and Quartz -
feldspar garnet gneiss (see ﬁap 1. In the field it ﬁas difficult
to separate the two rock types. Both rock types are rich in quarisz,
garnet énd feldspar, The only problem was the proportion of garnet
| or feldSpaf in each, Thais could not be estimateﬁ from field
observations, The separation as shown on the map is based on
petrographic studies {Chapter 3) and over-all whole - rock chemistry

(Chapters 4 & S).
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2.5 STRUCTURZS

2.5.1 General

The pfesence of a majdr'fqld structure in the Scourie -~
Laxford region has been proposed by Holland (1956). Beach (1974)
describes a structure similar to the antiform dated as late Scourian
by Evans (1963, 1965) at Lochinver, and very different from that
described by Sutton & Tatson (1951, 1361). Beach e#al. (1974)
also demonstréted the existence of a series of folds of Scourian
ag8,y . ,In,géneial.rocks in Scourie trend north-east while thosg in
Toindle must have been tilted almost at 900 to give an
approximately north-westerly trend, The two areas have been
affected by 2 main phases of deformation (Fq, F2). = Deformetion
was by folding, penetrétive shearing and ductile faulting and also
indicated by the development of boudins, joints and lineations,
The-structures are both Scourian and Laxfordian in zge and are now

briefly described as they were seen during the field mapping.

2.5.2 Tolds ' -
Two Told phases are recognised in both areas (1st and 2nd).

(1) 18t fold phase

The first foldinz (F1 deformation) led to the formation of
'open antiforns and synforms in nuch of the region between Scourie
andthe southern edze of the Foindle zone; Scourie dykes clearly
cross-cut a series of regularly spaced upright antiforms and
synforms (Beach etpl, 1974). In Foindle area, the ninor folds
are sometimes isoclinal (Plate 2.,11) and have the same foll axes
as the synforns and antiforms, The isoclinal folds becanc more
open to the south (towards the Tartet road), In the south of Loch
am Brac, where these folds have been least modified by later
defornation, their axes are nearly horizontal and thelr axial

surfaces also strike north -~ west ~ south - east and dip steeply to
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the south-west, Around Lochan Creige 'llheil near Scourie, the
axial surfaces of the major folds (antiforms and synforas) strike
north - east - soulth - west parallei t{o the treh@ of Scourian
foliations, - Isoclinal folds ﬁear Scoufie also have the same axial

surface trend,

(2) 2nd fold phese (Fo deformation)

The ?2 deformation was probébly the first to affect thé
Scourie dykes with the development of penetrative fabrics; many of
the shear siructures within the dykes (e.g Plate 2.1) are also of
this age (Beach euhl; (1974). Fz foldslare tight and are more
prevalent in Foindle where‘Laxfordian deformation has boen more
intensef The aiial surfaces of these F, folds are oblique-to those
of Fq (Davies, 1974)., This change, with time, in deformation style
~could imply that the Scourie zone acted as a qompetent block during

L. A e 3 -7 1 - A _
the second doeformation when minor folds were developed,

2.5.%3 Foliationg

Foliations in the Scourie zone are.m2inly Scourian, whilst
those in Foindle are Laxfordian in age. The banding in the rocks
in Scourie trend north-east while that in Foindle is north~west,
The foliations in Foindle have =z fairly constant north-westerly
trend, parallel to the axial planes of the ¥4 fOlQS but in Scourie
there is a degree of scaiier of foliation directions but can be said
to be approximately norin~east, Plgs 2.2 is.a polar dizgran for the
foliations in Foindle and Scourie region. Steeper foliations in

. . =0 .
Foindle rocks (45 ) are obvious,

2 5.4 JShear zones
Shear belis are narrow itrects in which deformation and, often,
metamorpinisn is rueh more intense than in the surrounding rocks,

They may be prrallel or oblique to the regionnl foliation and they
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have the geomstrical effect of faults or thrusts (Vatson, 1949 Phe
89), Shear zones are comrion in the two areas (TFoindle and Scourie).
lMost of the shears are oblique to the foliations (Plate 2,10),

They are dominantly Laxfordian in age as éxemplified in Scourie
where tﬂey deform a Scourie dyke (Plate 2.1)s All shear zones are
chéracterizsd by a 1ineaf arrangenent of fabrics, In Foindle
(Plate 2,12), the shearing in the mafic gneiss vas probably
accompénied by slumping and quartz veiniﬁg through the plane of

weakness (shear plane),

2 5.5 Lineations )
Fo strong linear structures were found in the Scourie area
(except in shear gones), but in Foindle, where the effects of
Laxfordian defprmation are more pronounced, they are common, The
linear’mafic febrics (defined by the orientation of biotite) trend

north~west whicn is the same orientation as that of the Laxfordian

foliation.

2.5.6 Boudins

Mafic boudins are common within the country igneous bodies in
both areas (Plate 2.3). The more competent mafic gneiss {(often
amphibolite) are usually enclosed within the less compétent \
quartz~feldspathic gneisses), Formation of fde boudins is assumed
to be tectoﬁic, and to have resulted in the separ;tion of

originally continuous competent layers with strings of pods.

2.5.7 Jointsand Faults

‘The las% phase of the structural nistory (probably pbst ng
deformation) resulted in the formation of vertical joints and faults
almost perpendicular %o the fold axes, Tae best examples are seen

in rocks of the Poindls area, .
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Plate 2,1 Scourie dyke (Dolerite) deformed by peszmatifieé, folded
and sheared, Scourie, A is pezmatiiesé. Camera cap is

along the shear plane,

Plate 2,2 Interlayering of Leucosome o elsnosoie
i 35

the Banded acid gneiss, Foindle,
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Plate 2,3 iafic pod (boudin) in quartz-feldspathic gneiss, Scourie.

sohist,

roindle,
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.
’

Plate 2.7 Peomztite- vein in Quartz - biotite - garnet zgneiss,

Foindle - Fawagnore road .

Tlate 2.t onforseble cantact petwed artz .- bilotite = szrnet

gneiss oad afic gneiss, Fiondle,
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FPlate 2.10 Shear zone in Biotite scnist, Foindle,
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Plate 2,11 1Isoclinal fold in !afic gneiss, oindle, Laxfoxrdian

pegmatite - (x) cutdeross the foliations of t.e country

mafic gneiss,

Plate 2.12 Slamping and shearing sffects in liefie pneiss, inale,
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¢ Foindle foliztions

® Scourie foliations

Fig. 2.2 Tolar diagram for the foliations in Foindle ~ Scourie

. resion,
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CHAYTIR 3

PRTROGRAPHY AND ITTMNIRATOGICAL CLASSIZICATION

3.1 General Introduciion

Beach (1971) summarizgd the mineral assemblages found in
different partsuof ﬁhe Scourie ~ Lexford area. For the
amphibolitized or retrozressed Scourie rocks the following principel
assemblazes were icdentified:

hornblende - {opx - plag - biot)

hornblende - plag - opx - (qtz - 2ap - epid - zir)

hornblende - plaé - qtz - opx - (ap - biot).

The Laxfordian shear zones had the following assemblages:

biot - hbl - plag - atz - opx - ap -~ rut

nbl - biot - cal - epid |

hbl - epid’- plag - qtz - haem - il

gar - biot - plag - qtz - Ky - opx - (str-sph-cor-mus-haen)

Sutton & Watson (1951) found the following assemblages in the
Claisfearn and Foindle zones of the mainland Lewisian;

plag - qtz - hbl + biot - (opx)

hbl - epid - pleg - gtz - (chl - haen)

gar - bilot - pleg - qtz sulphides

(biot)

1.

plag - Kfsp - qtz - mus

plag - Kfsp - hbl ~ ¢pX - sph

plaz - qtz - (biot)

gar - gtz

‘Anth - talec - trem
The above mineral assembiages i;mediately suzsest either igncous or
sedimentary pzrental rocks, An attempt to sumnarize the miperal
fabrics in the Supracrustal and igneous rocks between Scourie & Lanlon(
was also made by Davies (1974). Table 3.7 records the maid fabrics

found by him.
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Petrographic studies made as pard of the present rescarch
reaulted in identification of 'repfesrentazlve' assenblages Tor the
‘various rocl types, and these are represented in Table 3.2, It
should be noted that the field names as given in'Chapter 2 are still
maintained, Roclis have been classified purely on the basis of
$heir mlncraiogy. ‘Descrii.tions are ziven only £ for those rocks
whose conpositions are presented in the Appendix, Tlazioclase

compositions were determined by Ilichel - Levy's metinod (see Herr,

1953; tp. 258)

«

N

The remainder of this chapter will deal with the petrozraphic
observations and at the end, some concluslons which were drawn frox
the study will be given, These conclusions will be dravm on again

in later chapiers that deal with the chemical characteristics of

the rockse.

3.2 Ieta-igneous rocks

J3e2e1 afic gneisges

In the Scourie area a2s 2 whole, mafic gneisses usuclly contain
opx + garnet, showing varying degrecs ol retrogression, Brownisk
hérnblende, different freom the green pleicnroic horablende often
seen replacin; the clino-pyroxene is occasionally found. The

. nornblende crysials are grenular in texture.

N

There is no visible pyroxene still presexrved in thae rocls frox

o

tne Foundle rmaiic sneisses, Tornblendes are Zranular in texiure,
but occasionally have schistose texture also, and were possibly derived
from clino prroxenc similar to that seen in Scourian granulites,

Green pleichroic amphibole is the most abundant nineral associated
with biotite, plegioclase (An3s), epidote, iron oxides, K-feldspar
‘ . : 13 3, . 3 o<
and minor quartz, Cther efTects of reirogression, as deduced fron

the puetregraphy include:

(2) Dbiotite “e“W ing hornblende
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(b) nyrmekitic texture. : o
This is an intergrowth of quartz and plagioclase feldspar in which
the quartz occurs as wo funllke rods within the feldespar, This is
due to replacement of K-feldspar by a soda-rich feldspar with the

separation of excess quartz (Vhitten & Brook, 19723 pp. 311).

Garnet is also prominent,

3.2,2 Hornblende zneissces (Amphibolites)

* The amphibolites whicn occur chiefly in the Foindle area
contain predominantly £ nodr@l mineral grains, the exceptions being
sub~hedrg1 prisms of hornblende‘and granoblastic aggregzates of
plagioclase and quartz, Individual grains of hornbiende are ususlly
small (1 - 2 mm long), but hornblende clusters up to 1% cm in'diameter
are prééent_in a few samples, Some thin sections show tight folds in
which unbroken hornblende laths occur in granoblastic quartz and
plagioclase,

Plagioclase composition is difficult to estimate because of
extensivg tclouding', Faint normal zoningz can be seen in a few thin
sections, Host}plagioclase show some degree of alteration to
zoisite, The zoisite is fine grained, laths not exceedinz 0,5 mm
in length, The original.ouﬁline of thé feldspar grains are in
somé cases outlined by flzkes of sericitic mica (Plate 3.4) which is
probably a second:ry minecral formed by hydrothermal alieration of

. S,
the plagiocclase fledspar,
Other minerals found in the thin sections are boitite and iron

oxide, - Biotite rims a2round hornblende are also a conmon feature,

3.2.2 Ultramafic ~nelsses

Pale sreen and subhedral crystals cof ortho-perXene, and dark-
green hornblende are the dominant minerals in the samples examincd,

Other minerals include: garnet, biotite, plagioclase, anc iron

oxides, The vocks are characterized by granular texture,



65

Indications of retrosression include:
(a) development of brown biotite along the grain boundaries
of hornﬁlende {Plate 3.7)
() hornblende enclosing remmants of clino-pyroxene (oblique
“exctinction). | |
’ Bréwnish~yello§ scapolite that lacks twinning, has parallel
ex&inction,.and rzther strong birefringence is also found,
Scapolite occurfing in sonme zabbros zs a high temperature alteration

of plagioclase has been noted by Kerr (1959; pp. 290).

3.2.4 Quartz - feldspathic gneisses

Quartz is -the most abundani mineral in these rocks, Granular
and polyzonzl cquartz grains havse étraight boundaries and trisle
junctions, Other minerals found\in the sections studied include:

biotite, K;feldspar,'plagioclase, garnet, sphene, hornblende,
4+ iron oxides. In the rocks from Scourie, brownish-yellow
alteration products of biotite occur around the porpayroblastic
garnet, Plagioclase is Angg in composition. Clino-pyroxene which
grades into green clino-amphibole is characteristic of some sectionms.
Occasion=lly, as in Plate 3,1, biotite replaces XK-feldspar, and it
may form rim round the iron oxides,

3.3 Letzmordhosed Sunrccrustal rocks includins metasedinionts
rYy il iy

o

3.3.1 Quartzitic gneisses.

Quartz (¥ 505 of rock by Qolume) is the major mincr:l and it
has a granotlastic havit (Plate 3.5). Otner minerzls include:
biotite, chlorite, K-feldspar, iron oxide, sphene, epidote + garnet,
Triple junctions are a comuon feature énd imply equilibriun
recrystallization (Spry, 1974). The grain boundaries are almost
strai;bﬁf - Crystals of brovm biotite éccur as inclusidpst in

X-feldspar and this is a characteristic of the rocks, Tvicdence of

i
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intensive deformation of the rocks iz seen by the occasional linear
arrangeacnt of biotite fabrics, Also, biotite cryétals sometimes -
respond to tho effect of folding, Garnet is rimuned by biotite in
some thin sectidns. With decreasing amount of nmafic minerals,

and feldspars, these rocks might have been cuartzites, but have

noﬁ 5raded into auartzitic zneisgses, The origin of tanese gneisses

is further discussed in Chapters 5, 6 & T,

3,3,2 TFeldspathic gneisses

These gneisses are very rich in feldspars (plagioclase :>*
K-feldsrar), Xunedrel plagioclase crystals have compositions
ranging'from An33 to An3g. = Granular texture is common (Flate 3.2).
The crystéls are occasionnlly oriented in different directions,
This is attributed to the complex structural history of the Poindle
-area,

Other minerals include:

quartz, light brown muscovite, and zircon, Zircon crystals

~occur as inclusions in the feldspathic groundmass, Interzrowihs of

K-feldspar and plagioclase are also observed in some thin sections,

3.3.3 Garnet granulites

Garnet is tﬁe most prominent mineral and it occurs as euhedral
crﬁstals. Jraonular textures are also well developed in thess rocks,

Retrpgression effects include: )

(a) .epidote rimaed by biotite

(b) biotite inclusions in gurnet (common feature) .

(c) ‘qﬁartz shelusions in garnet

(d) Dbiotite flakes along irrezular partinzs of garnet

(£) minute sillimanite crystals occurring as inclusions in

garnet, . These are characterized by their parallel cleavages,

transverse to the irregular frazctures of garnet,



67

3.3.4 DBiotite - nmuscovite - marnet sneisses

Rocks of this type are confiﬁed to the Foindle area, They
are characterized by equidimensional grains of quartz although micas
are the dominant minerals. Iuscoviie occurs as colourless to
pale-green thin tabular crystals with perfect cleavage, ‘Bibtite_
fléﬁes are &ellowish brovn, sometimes with zircon inclusions.

Other minerals include:
»quarfz, K~feldspar (microcline), garnet, plagioclase and iron
oxide, |

Possible effects of retrozression are:

(a) biotite rimming and penetrating polygonal quariz grains

(Plate 3.3)

(v) FK-feldspar replzcing plagioclase

(¢) brovnish biotite replacing euhedral garnet
In some sections, foliztions are defined by biotite crystals which
themselves are also folded around gquartz grains, luscovite folded
round K~-feldspar is also seen, In one section (XNo, 50373), ther

micas are aligned in two directions, probably a response to the two

main phases of deformation discussed in Chapter 2.

3.3.5 DBiotite -~ garnet gneisses

In ithese generally granular gnelsses, garnets, pink in thin
section, frequently contain inclusions of biotite and quartz. In
general, blﬁe -.green hornblende is more or less éompletely replaced
by biotite (brownish yellow pleichroism). ﬁccessory minerals include
plagioclase, iron oxide, zircon and rutile. Broken plagioclase
(Ango) grains, up to 2 mm in diameter,‘have win lamellae that
are often bent, Quartz grains are of a similar size, and they show
marked undulatory extinction and sub-zrain structures,

Replacement and recrystallization are indicated by the following

observations:

(2) Dbiotite replucing K-feldspar
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(b) sericitization of pl:gioclase, und
(¢) reddish-brovn and ncedle = like rutile inclusion in

garnet,

3.3.6 3Biotite schists

| This group which is well represented in the Foindle area is
characterized by major amount of biotite together witn minor amounts
of garnet, quartz, K-feldspar and iron oxide, Biotite is nmore or
rezularly distributed througn the rdck, the foliation of which is
defined by parallel aligznment of blotite and by elongation of quartz
and feldspar grains, Biotite flakes averaze 0,5 mm in length with
pale - yellow pleichroism, In a few sections, biotite crystals
occur as inclusions in garnet, Quartz grains are siightly
elongated (between 0.5 and 1 mn long). Grains boundaries are sharp.
Tonger crystals frequently have a well developed éub-graiq‘structure,
whilst smaller grains show undulatory extinction. ldcrocline
showing crogs-hatch twinning, ococurs in grains averaging 1.5 mm

in diameter,

3.3.7 OQuartzm - biotite schists

The predominant minerals in rocks of this group are quartz
(22 40 of faqk by volume) + biotite, Accessory minerels are
apetite, X~feldspar, plagioclase, garnets, iron oxide and sphene,
Sub-idioblestic flakes of biotite are well develoﬁed. In some thin
sections the bilotite flakes are near to define a foliafion. The
matfix is composed of equi - granular quartz, about 0,3 mm in
diameter, together witih abundant K-feldspar and smz2ll amoun?s of
twinned plugioclase (An36); Sphene occurs as irregulzr grains

and has hizh relief.

3¢3.8 Quartz -~ biotite -~ garnet sneisses
ol Bl

Granular quartz grains form almost 405 (by volume) of the rocks
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in this group., Other minerals include:
hornblende, biotite, apatité, E-felds .ar, plagioclase, garnet, iron
oxide, zircon, and althoush not always kyanite, Quertz crysftals form
triple junetions with straight grain boundaries, Garnet with clear
irrezular partings under crossed nicols, often enclosses quartz,
Hyznite (colourless to pale blue with high relief) also occﬁrs es
minute blades (¥ 0.5 mm in length) in garnet,  The cross-hatch
twinning of the K—feldspar, typical of microcline,‘is}also cbserved,
Apatite occurs as small prismatic érystals with péréllél

“extinction,

3.3,9 Quartz - masnetite zreisses

Main minerals are.garnet, quartz, and’iron oxide (probably
magnetite), The accessof;es are biotite, plagioclase, rutile
and zircon, Reddish brown rutile needles occur in garqet.
Non-pleichroic clino-zoislte is also observed,

Retrogressioﬁ effects include:

(a) clino-zoisite rim around the magnetite

(b) quartz inclusions in garnet

(e¢) Dbiotite and rutile inclusions in gamnet

(d) biodtite rims around zarnet
.Tripple junctions formed ﬁy sranular quartz are common, The

boundaries are sonetimes occupied by browvmish blotite.

363.10 OQuzrtz - mica scnists

These schists are characterized by abundant quartz and micas
(biotite and muscovite),  The accessories include epidote,
K-feldspar, plagioclase (An33), iron oxide, and zircom, The matrix
consisis of granulcor cuartz (¥ 0.5 mp in diameter), together with
avundant ¥X-feldspar and plagioclase, Plagiocluse twins are slijgatly
bent and some twin lamellze appear to have been destroyed by

metanorphic reactions, Stress orientations in two directions are
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deduced from biotite and muscovive btextures, lluscovite occurs
as tabular crystals'aiigncd in one direction, and in some thin

_sections, muccoviie crystais are secn to cut across the bictite
fabric, These obsefvgtiéns sussest that there nmight have4been

two phoses of deformation or that muscovite crystallized at a late

-

stase under static conditions.
_Replacement end recrystallization reactions are:
(2) minute green epidote inclusions in biotite
(b) iron oxide rims on epidote

{¢) Tormation of X-feldsrar around zircon grains

303417  Quartz - garpeb - reica zneisses

Quértz ip the most abundant mineral, Granular texiure and
_triple junctions formed by almost straignt srain boundaries are
characteristic of the rocks (Plate 3.6), Other nminerals include
'biotite, muscovite, K-feldspar, plagioclase, zarnet, sphene, *
kuaﬁite; The most pronounced retrogression effect is the bréwnish
- &ellow altergtioﬁ of biotite around pofphyroblastic graneéet,

Plagioclase compositions {where lamellae have not been desiroyed

completely) range from Ars2 to ingg.

3.3.12 Quaritz - Ffeldspar - zarnet gneisses

These zneisses are characterized by equidiménsional guariz

(about 1 mm in dianeter), whose grain boundaries meet at triple\
points. ~ Other minerals include: |
blotite, garnets, iron oxide, spnene, K-feldspar (micracliné)
and plegioclase,
Faint cross-natch twinniné is typical of the microcline, Sarnet
occurs as xenoblastié grains whose boundaries are frequentily émbaged
by quartz. Quartz inclusions within garnet are cormon, Garnet is
also altcred marginally to biotite. "Biotite occurs as flokes, 1

- 2 cm long. Irrezular, pale - green crystals of sphene do not
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show complete extinction, and this may be due to the strong.

dispersion saovn by the mincral,

3.3.13 Quartz -« garnet -~ feldsper sneisses

sreatly enriched in quartz.. kHajor and

[

These gnelsses ar

?

ngolud

k,v
(6]

X

mihor‘components
garnet, biétite, X-feldspar, plagioclase, and iron oxide,
Development of biotite crystals in random orientation is common
(Plate 3.8). Tnere the cqafse - grained Quartz crystals ore seen

'altefed, grain boundaries are straight and meét at triple points,
In some samples, these grain boundaries are slightly curved.
Biotite‘replacement of K~feldspar is the most pronounced alteration
effect, Others may include:

(a2) K-feldspar occurring in plegioclase nost

(b) biotite inclusions in garnet.

3.4 Conclusions from the petrograrhic study

A number of conclusions dravn from the petrographic study are
given below, and they will be referred to aéain in Chapters 4, 5
& 6 which dezl with the chemical cheracteristics of these rocks,
(2) Almost all the rocks classified as Supracrustal contain
garnet, Vhere there is an appreciable‘proporticn of
garnet, aluminous mineral phases like kyanite and
éillimanite have been observe@;
(b) A1l Supracymstal rocks contain quartz and feldspar, and
.most of them contain biotite
(e) Granular textures are typical of most rocks with the
exception of those that have suffered the inteunsive
deformation,
(8) The occurrence of clino-zoisite is interestin:,

Cilino~zoisite ig =z preduct of retrogressive metamorphism .

of amphibollites, hornblende - schists, glaucophane schists
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(Kerr, 1959 pp. 336). L
The.occﬁrfencé of Zircoﬁ in some of the Su§racrusta1
rocks may help to provide a petrogenetié classification
of this group of rocks (see Chapter 6.& 7 for further
@iscussions}.r
Retro@reésion is more intense in the Foindle rociks
than in those from Scourie, Tﬁe appearance of
chlorite and muscovite in some of the Foindle rocis
supports this observation znd suggests that a lower grade
metamorphism than that prevalent in Scourie was
responsible for this, Textures from zimilar rocks fronm
both sreas are glso gignificantly different.  (see
Table 3.3).
Replacement and recrystallizalion are more pronounced in
the quartz - feldspathic Supracrustal rocks than in the
meta~igneous rocks, In the nela-~igneous suites, »
replacement and recrystallization are also more pronouncedk

in the acid rocks than in the basic or ultrabisic rocks.

Hineralogical variations within the Supracrustal rocks are of

3 types:
(1

(2)

(3)

~
"
2

(1)

varistions in the relative proportions of quartsz,
feldspar, aluaino - silicates and mafic minerals present
in the different rock types.

Similar "ariation to those in (1) occu} between bands or
lensces within the same rock ¥type

variations in the abundznce of each of the alumino -
silicates and m:zfic minerals in relation to their ftotal
gmount in any one rocx,

Rocks from the shear zonesvare more enriched in biotite,

and sometinos nuseovite, than similar rocks from outside

R P e et Ak s -
ROtLase us saussuritized, partially replaced by
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chlorite in (TFoindle), and exuibits poorly developed
twins, ‘

In general, there is overprinting of deformation and petamorphic
events in the rocks studied from both areas (i.e only a few primery
irneous minerals or textures have been observed), Thin sectious
frém rocks in Foindle area show that pyroxene (charecteristic of
unzltered Scoﬁrian granulites) has been completely replaced by
hornblende gnd biotite. This common feature suggzests that the rocks
from Foindle area could contain wore potassium than théir
equivelents from Scourie, Chemical evidence in favour this

suggestion ig discussed in Chapters 4 and 7,
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Scourian and laxfordian minerals from rocks between

Scourie and Laxford (after Davies, 1974).

SUPRACRUSTAL
ROCKS

LAYERED
ULTRABASIC,
BASIC, AND
ANORTHOSITIC
ROCKS

- BANDED
MIGMATTTIC
GNEISSES

SCOURIAN MINERALS

Quartz
Plagioclase
Biotite
Garnet
Hornblende
Kyanite
Sillimanite
Diopside

Labradorite
Clino-pyroxene
Spinel
Red-garnet

Olivine

Quartz
Plagioclase
Biotite
Orthopyroxene
K-feldspaxr

LAXFORDIAN MINERALS

Quartz
Plagioclase

" Biotite

Garnet
Hornblende

Sillimanite

- Chlorite

Andesine

‘Clino—pyroxene

Biotite
Serpentine

Quartz
Plagioclase
Biotite
Chlorite
Hormblende
Epidote
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Table 3.2. Summary of 'representative! assemblages for rock types in
’ the two sample areas near Scourie and Foindle

[
0 o
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AESEddgadiradnETag
BESa&88iaddiibadias
FOINDLE AREA
(A) META-IGNEQUS
ROCKS
Mafic gneiss X x x ' x xxT x X
Hornblende gneiss
(Amphibolite) x x x x
Quartz-feldspathic X x X X x x x %
gneiss
(B) METAMORPEOSED
SUPRACRUSTALS
Quartzitic gneiss =x x x x x x x X )

Feldspathic x I x x x
Biotite-muscovite-
garnet gneiss . x ¥ X ¥ X x X X x
Biotite schist x x ¥ x x X
Quartz-biotite
schist X X X x x X x x
Quartz-bioctite- .

_ garnet gneiss T X X X X X X x x x
Quartz-magnetite ' A
gneiss x x x x - X X X
Quartz-mica schist x x x X x X X x
Quartz-garnet-mica ’ .
gneiss . x x X X x x X x
SCOURIE AREA
(A) META-IGNEOUS

ROCKS -
Uliramafic gneiss X X x X x x
Quartz-feldspathic
gneiss X x x X X X X . x
(B) METAMORPEOSED

SUPRACRUSTALS
Garnet granulite x x . x x X x X
Biotite-garnet x x o x x x x x x
gneiss .
Quartz-biotite-
garnet gneiss x x X x X . x x
Quartz-feldspar-
garnet gneiss x x X X X x X

Quartz-garnet-
feldspar gneiss x x X x X x

Clino-pyroxene

Scapolite
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2‘

META-IGNEQUS
ROCKS

{a) Mafio
gneisses

(b) Quartz-
feldspathioc

gnelssesn

'

METAMORPHOSED

SUPRACRUSTAL -
ROCKS

Table 3.3. Summary of 'representative! fabrics for the rock

types in the two sample areas near Scourie and Foindle

SCOURIE

Typical . Textura
assemblage ‘

(1) ,

feldspar + op! Garnet rim;

+ brownish : :
Hbl Hbl not

—y garnet entirely
(44) - replacing
cpx—>hbl + qtz cpxs

(1i1) ; . Granular

iron —> hbl + biot

oxide

(1)
c(zp:ic) — blot No schistosity;
(i

cpx + opx Granulax

+ plag(anti-perthite)

+ gtz Tripple Junotions
(1i1)

qtz + garnet

+ biot + magnetité

Anti-perthitio
feldspars;
qtz with rutile
rods + garnets
—> biot +
clear qtz.

Granular;

Tripple Jjuncticnas

Yo mﬁacovite

N. B. ----) means replaced by

Typical
assemblage

No cpx;
+ garnet

No opx;

No anti-
perthite

Yo
enti-perthite;
gtz + feldspar
+ biot + mus

+ epldote

+ chlorite

FOINDLE

Pexture

Mainly
schistose

Hbl with
clusters of
qtz incluesions
probably,
replacing

cpx

schistosity;

cpx complet-ely
replaced by
hbl

Essentially
schistose;

garnet —biot
in
irre-

gular

partings

9L
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Plate 3.1. Biotite replacing potash feldspar in quartz
feldspathic gneiss, Foindle. Slide No. 51610.

x 160. Crossed Nicols.

I

Plate 3.2. Granular texture in [ecldspathic gneics,
Foindle. 8Slide Nn. 51609. x 160. Crossed Nicols.
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Plate 3.3 Extensive retrcgressiocn effects in Biotite - muscovite -

garnet gneiss, Foindle. Slide No. 50143. X 160.

Crossed nicols.

Plated-4 Sericitic mica replacing plagioclase in Hcrnblende
gneiss (Amphibolite), Foindle. Slide No. 51059,

X160, Crossed nicols.
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Plate 3.5. Granular texture and polygonal quartz grains
in Quartzitic gneiss, Foindle.
Slide No. 51047. =x 160. Crossed Nicols.

Plate 3.6. Tripple junctions and granular texture in
Quartz - garnet - mica gneiss, Foindle,

Slide No. 51045. x 160. Crossed Nicols.
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Plate 3.7. Retrogression in Ultramafic gneiss, Scourie.

Slide No. 51624. x 160. Crossed Nicols.

Plate 3.8. Random orientation of biotite in Quartz-garnet-
feldspar gneiss, Scourie. Slide No. 51061.
x 160. Crossed Nicels.
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4.1 Introduction

A descriptioa o

verious analyszed rock

the geochnemical relationshnips between the

tyres is now presented, Attention is focused

on najor element» only and trace eTements are dealt with in chapter

5e Teble 4,71 presents a sumnary of the avallable analyses for the

" rock types dlscussed in this chapier,

{major & trace element

The chemical analyses

coxmpositions), CIPW norms, and INigzli values

are tabulated as to major rock uniis, classified on the basis of

their mineralogy, in Appendix ITB. Tebles 4,24, 4,34, and 4,23,

4. 3J present the avers,

and Higgzli values for

T

ges and ranges of composiiions, CITV norms,

the rocks in Poindle and Scourie respectively.

Determination of the oxidation state of the iron has allowed the

-

= cod oy -~V TS ™
icn of CITV ncxrms for all analyses, 1f Pe

2+ 3+

3

=
pi

e

T

(]

expresued as total iron, CIPV norm calculations could lead %o

gross errors (Witty, 1875).  Fe©

2+ is found to be alwaysj} e’

The interpretation of the data has been limited vo 2 study of

the trends, comparisons, and contrasis, shown by the various

groupings. The zroupinzs are besed cn obvious lithological

- .

the nresent auitlor.

quoted for comparison (sec Tables

-

trisngular diagrans, .

)

inalyses of rocks

differences and inferences as to possible initial petrologic.iype.
rees Torm previous Jeochemical siudies of the Lowisian

OQuter Febrides are comparsd with those for

n Cranters & & 7} az the need

+

s

Moy were seleeted either because they showsd

variation within or bebween groups or because they are related to

- - 2 w o b= WS JUp Py oy e . o i 3 -
shtandard parameters used by ofther workors, The graphe dncluded ave:
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FMA , (fig 4.1)

Or-Ab-An o (fig. 4.2)

KzOfNaéO-CaO (fig. 4.3)

X,0 vs 810, (fig. 4.4)

Mg0, Ca0, A1203, 810, vs FeOt (fig 4.5)
- . Fe0t+ Mg0

Two interesting problems in the interpretation of major
element data are, firstly, to examine the elemental composition and
elemental ratios of each groué of similar analyses in relation tc.

" the known ranges of different types of possible parent rocks |

and, secondly, to account for variations in either élemental
composition or elemental ratios amongst membeis of any rock group.
These problems are, however, complicated by the fact that available
geochemical data are for "end - product" rocks ﬁhich have suffered
both deformation and metamorphism twice. Therefore, the majo:
element .data do not necessarily reflect the original cheﬁistry of
the rocks.

Comparisons are difficult as compésitional'variations could.
be caused by a variety of factors such as:

_(a)A sedimentary differentiation or volcanic activity prior

| to metamorphism of the rocks in the granulite facies

(v) migrations of material duiing granulite facies

metanorphism

(c) the retrogression that followed the granulite facies

metamorphism |
The third faptor is imnediately favoured as-being an important factor
in producing compositional variations as thexe appear to be consistent
differences between fhe analysed sampies from Area A and Area B
(for details, see Tables 4.2 & 4.3). The textural changes reported
in the preceding chapter might have been brought about by a fluid

medium. If this fluid was a hydrothermal solution (e.g- H2O rich,
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although fluid enriched in, Say, Co2 is also possible), then alkalis
could ﬁot Be reliéd on as a'guide to t_é original chemistry of the
rocks, A'Leacﬁing of alkalis, or their redistribution,icould
easilyvhave occurred durinz metanorphism in the presence of a
fluid medium, Beach (1574) favoured a water phase as the fluid
that brousht z2bout the texturéd chén;es in rocks from the rezion
studied in this thesis, and he considered there was relationship
between degrée of metasozatisa and deformation in the rocks, This
.closg relationship between deformation-énd motaﬁorphism has also
been postulatéd by Brovm ancd Fyfe {1972) who sugzgested that water can
peﬁetrate granﬁlites alons tectqnic;lly deformed zones. Beach
(Op.vcit) suppofted the view of these workers and suggested that water
penetrates anhydréus rock system most easily by a process of hydreulic
fracturing (a cataclastic process), This diffusion of fluid alonz
“the intergranulér boundaries of nminerals occurred during
':amphibolitization and resulbted in over-all loss of Ca, kg and gain
in ﬁa. Froxn Table»7.3, it can be seen that fetrogressién in the
supracrustal rocks discussed here resultéd in loss of Ce, Hig, and
¥a in the grénitic ;neiss (metza-igneous) and enrichment of Ca; g
with ioss of Ea; Inrichment of potassium'occurs in 211 rock
types. There is no significant gain in Né-as reported by Beach
(1974) for his rocks. However, it must be pointed out %hat Beach
might have compared unaltered Scourien granulite facies rocks (not
encountered in the present study) with ampnibolite facieS‘ones in
order to e%tablisb the extent of amphibolitization; furthermgre
although‘he nentioned kyanite bearing rocks, there is no evidence

that ne analysed any supracrustal rocks, Rocxs studied in the

sanpling areas within tne Scourie and Foindle are essentially

retrogressed granulites, with the degree of alteration more intense
in FToindle (see precedinz chapter). The reader is referred to

Chapter 7 for further discussions.
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Where possible, chemical charaptefistics of rocks are described
in groups thought to be genetically related. In certain cases,
this is difficult; hence an attempt is mad.e by descriptions of

variation dagrans,

4,2 Meta-isneous rocks includins Amphibolites

Hajor element wariations amongsf_the samples of meta-igneous
rocks which have been\studied are not significant, For example,
the hornblende gnelsses (average, 51;07% 5102 and range, 49.10 -
52.,71%) as shown in Table 4,24 are'typically_high in Ti0O2 (average,
1.14%; range, 0.41 - 2.12% and P205 (averaze, 0.16%; range, 0,07 -
0.29%), and 15¢a11y extreme in composition. This has been said to
be characteristic of the S;W. Highland metabasite suite (c¢f. Van De
Kaxp, 1970% Wilson & Leake, 1972), There is a wide range in the
contents of Fel (average,‘11;9ﬁ; range, 8.44 - 17.30%), and 1ig0
(average, 5.5%; range, 4.19 - 8,687%), eand a smaller range in Ca0
conteﬁt (average, 8.72%; range, T.T7T — 9.89%). There is generally

depletion.in K50 (average 0.44% and always 1%).. The FeO¢/Pelt +

MéO'values are hizh (average, 0.71) and this average is within the
0.41% = 0,94% range of tholeiites given by Rivalentl (1976).
Comparison-of these major'element compositions (see Table 4,24)
for averazes and ranzes with those for basic Lewisian hornblende
gneiss, given by Shératon eghl. (1273), and for average Archean
tholeiite, ifinnesota given by Arth &'Hanson (1973) shows no
significant differences, The data in Table 7,7 show that
hornblende zneisses are depleted in X720 and a consideration with
the 'Inriched Archean_?holeiite' (ZAT) composition of Condie
(19755, (Table 7.7 colwm 14), sussests that the hornblende gneisses
belonz to this claus,

Taking the rocks frow both the Scourie and Toindle areas as

a whole, compositions range from ulirabasic through to acid gneisses
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and schists, Despite the fact that the rocks vary from ultrabasic

to acid in cormvosition, there is surprisingly little variation in
‘FeOt/FeOt + LigQ ratio. A similar conclusion usinz the Fe/llg
ratlo has bgen dravm for rocks in the Lewisian by other workers,
e.2. Tarney effal. (1973).

. Basgic to ultrabasic rocks with CaO/A1203}1 have been described
from the greenstone belts of South Africa by Viljoen & Viljoen (1569,
a, b, é) who considered them tc be peridotitic and basaltic
komatiiteé, and from the jreenstone belts of Australia (Williams,
1972), and Canada (Pyke e“c!al. 1973)s However, in rocks of the
areas studied by the present author, the Ca0/A1203 ratio is alweys
less than 1, so that on the basis of this, it seems unlikely that
komatiites are present. This conclusion is also favoured by the
avera ;e Mgo values (sée Tables 4.24 & 4.,2B) which are extremely
low fér komatiites..

The Na/K ratio is extremely variable and is highest in the
hornblende gneisses and Quartz - feldspathic gneisses., The
author supports the idea that the ratio should not be used to
discriminate between meta-igneous and meta—éedimentarv rocks,
especially where secondary alteration like metasomatism.can be
established, HNeither should the Ha/X ratio be used as a tool
to dlassify”fock types in such circumstance. According to

. Rivalenti & Ross (1975), the low Nap0/Kp0 ratio for Archean mafic
suites shouid not be considered significant, for ﬁotassium has
probably varied as a result of metamorphic alteration,

Rivalenti (1976) used F = Fe04/Fely + ng as differentiation
index for meta~volcanic amphibolites from South~Vest Greenland,

In fig., 4.5, lig0d, Ce0, Alp03, and SiCp (all in weight percent)
have been plotted against P for the horntlende zneisses (amphibolites).
Hg0 and Ca0 slightly decrease while A1903 and 510y remailn almost

constant with increasing ¥. Depletion of LzC could sugzest an

original frachionation ftrend dominated by olivine crystallization,



86
A 8lizht decrease in Ca0 with fairly constant Al203, implics
that olivine fractionation might have been accompznied by some
fractionation of’clin0¢pyroxene.and rlagioclase, Constant SiOop
vith increasing ¥, does not favour the possibility of an
orthopyroxene fraéﬁionation; However, Rivalenti (op, cit) noted
that in tholeiites, olivine fractionation can be accompanied by
fractionation of sbmevclino—pyroxcne and plagioclase which can
result in slight decrease in Ca0 and which keeystleB constant,
Green & Ringwood (19(7) interpreted such a feature as a low =~
pressure fractionation trend for both tholeiites and alkali
basalts, Also, according to Osborn (1959), énd Hamilton &
Anderson (1967), the iron - enrichment trend (fig. 4.1) and the
constancy of silica as differentiafion proceeds, indicate that
differentiation occurréd under-léw or decreasing oxygen fugacify.
Rocks with the chemical characteristics as these have been
considered 'Primitive' by Engel eﬁal. (1965), =nd Gale (1973),
wno suggested that they should represent direct ﬁelts of the
mantle, Rivalenti (op. cit) alsoc showed that if the differentiation.
index (F) values are between 0,52 and 0.84; the amphibolites were
initially tholeiitic. The average F for the rocks being discussed
is 0,71 witz a range from 0,52 to 0.34 exactly (see Table 6.1).
These fizures, therefore, suégest that the amphivolites (or
'hornblende‘g“eisses) were initially tholeiitic, A confirzation

of this susgestion is provided in chapter 6,

4,3 Supracrusbal rocks

liost of the rocks classified in the field as members of the
Supracrustal group are intermediate (interms of 5i0g) in

composiiion, althoush a few are either basic or acid. Available

major elemen®t data -skow that 1t is difficult,; if no¥ almost

pmn

impossible, to draw a clear-cut boundary bebween meta-igneous

rocks and the Suprzerusiald.
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CIPY norms (averages and ranges) in Tables 4,3A and 4,33,
nowever, show that the quartz - rich rocks reclassified as
metasediments (see Table 5.2) are essentially €orindum normative,
This suzgests enrichment in alumine in the pre - netamorpnice roeks.
It can also imply sedimentery orizin (see later chapters for
evidences). Also, normative quartz value greater than 50% is
unusnal for neta-~igncous rocks but is usually expected of hizghly
silieous secdiments (e.g cnert or sandstone (cf. liason, 1966),.
Hormative quartz values in Quartzitic zneisses range from 55.59%
to 61,00¢ (see Table 4,3A). This is also reflected in Niggli si
(average, £51.34; range, 524,26 - 711,96) for the same rock,type.

Niggll mg varies considerably in value but the values from
rocks grouped as Supracrustals are not significantly different
from those thought to be nmeta~igneous series. This feature
' merely reflects the potash metasomatism which has in part
affected nearly all the rock groups, and the same-effect can be
seen in the triangular plots of the ﬁormative feldspar

components, ©Or-Ab-in (fig. 4.2).

4,4  FNK

Low scatter lincar trends are shown by the FiA diagran (fiz.
4.1, Two trends - calc—alkaliﬁe and tholeiitic -~ are obvious,
- It must, howevér, be pointed oult that the enrichment in alkalis
for some rocks is interesting, and would sugzgest %h t 3 magmatic
series (eale-2lkali, alkali and tholeiitie) might have‘producod
the meta~ignecous rocks, by weathering of the latter, the
supracrustal rocks studied in the Scourie - Foindle regilon.
Ilost rocks {except the hornbléndé sneigses) are enriched in
alkalis, bﬁt it must ve emphasized-again that this enrichaent
may not necessarily be a primary'feature« A Tew rocks are

enriched in iron, with the highest velues in the hornblende
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sneisses (averaze, 17305 Fe0), and Quariz - magnetite geniss

(16,287 Fe0), The tholeiitic iron‘cnrichment trend of these
meta-igncous rocis suggests that they mighf not have originated
from the same mazia source 2.8 the calc-allaline or alkali rocks,
Hich g0 (wi. ) values are rccorded only in the basie rocks;

4

2,5 Normative Ox — Ab = An

The normative feldspar disgran (fig. 4.2) shows a wide scatter
of data points with all rocks showing extremel; low values in ealeiun
- rich feldspar (sec Tables 4,34, 4,3B). High values in normative
albite are charactertstic of nost rocks, Onl; a few samples are
rich in potash feldspar, e:phasizing the low Or conteni of
bulk of the rocks, Hoviever, the mctawignedus rocks ané the
Supracrustal rocks plot in re;ioﬁsdistiﬁct from each other,  This

discrinination is further discussed in Chepter &,

Pige 443 shows variation in Cao, 1220, and X20 sbundances of
the rocks, the distrubution data points being similar to that in

n above., Vide scatfer is a comzon

o)

the normative feldszqr.diagr
featﬁre, and is exﬁected. Put for the hormdlende gneisses,

most rocks plot a2t the centre, From the diagran, it canﬁot be
osaid with certainty which of thcse elements'are felatively enriched,

- . e
I+ is likely that uetasomatisa gave rise to this complex

situation,
4,7 KoQ ~ 3102
P e e e o ]

Pigs. 4.4 (4 & B) show wide variation of X20 with SiO2.

However, the nornblende zneisses, =are depleted in g+(15, sec

Tables 4,21 & fiz. 4.4 (A)). “‘ox{tne otner rock types, 1% caxn be
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but are less well marked in the Scottish Laxfordian and Tast-
Greenland cneisses (Sheraton effal, 1973). A general comparison
of figures A and B, shows that rocks from Scourie have maximum

M BN A e |
Kp0 of about 6% and a maximum SiOp of 73,  In Foindle minimum

Ko0 value is about 8% with a maximum SiOp value of %80,
It seems, therefore, that retrogression added about (2% = 55) K20
on a regional scale, and caused fractionation of Kp0 with increasing

SiOz.

4,8 Oxidation ratio

The oxidation ratic has been calculated from the ratio (mols.

2Fep03 x 100/2Fep03 + Fed) of Chinner (1960),  According to Elliot

& Cowan (1366), there is a possibility that oxidation accompanies
metaﬁorphiSm. :Eﬁgster (1959) had earlier stated that higher degrees
of metamorphism do not seem to produce any trends in the state of
oxidation of mineral assemblages, and that extensiveroﬁidation

in natire is usually connected with large volumes of H20 which

are derived from an environment neér the surfage.' Similarly,
Chinner. (1260) argued that, during metamorphism the pelitic

gneilsses of Glen Clova, Scotland, behaved as a system closed to

oxygen, and he quoted an suthority in favour of this view as a

general truth (Zlliot & Cowen, op. cit).

=3

he oxidstion ratios for all rock types are extreme in both
areas studied. The highest values have been recorded in
neta~igneous rocis, values up to 18,70 in the homogeneous basic

zneiss, and 17.41 in the hornblende gneisses (amphibolives).

ot

The lowest ratios are for the susracrustal rocks (averaze 5.04;
3 ) H

ranze 0,87 - 15.15), with the hizhest value (15.15) recorded from

e

Quartz - magnetite gneiss, The hizh value of the oxidation

[0

ratio in this rock is fairly close to the range for the basic rocks,

and can be interpreted to imply an association with the lattler,
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and if the oxidatioﬁ ratio czn be proved to be pre-metamorphic,
it should_help‘to'establish the source of the pelitic recks in
the areas studied. Any classification based on use of the
oxidetion could, of course, be misleadinz because, as already
mentioned, extensive oxidation is usually Qonnected.with

Ll

movement éf larze volumes of 20, The avefage oxidation ratio
for all the rocks in Scourle is increassed by factor of 2'in
the Foindle rocks (see Table 7.1). Tae increase is favoured
by a greater abundance of.hydrated minerals in Foindle (see
precéding Chapter).

It has been noted that metamorphism was accompanied by
intense deformation and most probably water was prevalent and
aided the development of metamorphic_texturgs. It is therefore,

concluded that influx of water increased the oxidation ratios

during the amphibolitization that.followed granulite facies

He

‘mefamorphism. .In Chapter 2, it has been shown that most
of the shear zones-mapped are within the homogeneous basic
sheets (see Haps.1 & 2)e The higher values of the oxidation
ratio in. such rocks can be interpreted t0 have resulted from
(2) +the presence of water whiéh must have accummulated
in tectonically deformed planes (e.g shear zones),
’Eiis.interpretation is in agreement with that of
‘Beach (1374)
(b) the obvious iron enrichment character of these
rocks and the Quartz - magnetite gneiss. |
The relationship between the oxidation ratio and metamorphism,

based on this study, is further discussed in Chapter 7.

4,9 Sumriary and Survey of interpretations

The first point to be established is that there do not

appear to be significant major element differences, either
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between Scourie - and Foindle rocks of the =amze type, or between
rocks from botﬁ areas énd similar focks from other areas of the
Lewisian Complex, or even from the whole of the North Atlantic
Craton (see'Tables TeT = Te10), If, however, comparison is
restricted to rocks from the two areas studied, then the Foindle
rocks are more enriched in potash, Also, they have nigher
oxidation ratios, but the Ca0/Alp03ratios are similar, On the

\basis of the abailéble major element data, water enhanced
textural chanzes during retrogression‘but the original rocks
are yet to be establisied in later chapters. Classifiﬁation
of the rocks as shown in T2bles 4.7, 4.2 (A & B), 4.3 (A & B)
and Appendix IIB has bcen pgsed partly on petrographic study.
However, tae classification has also been supported by
considering the behaviour of certain geochemically immobile
elements which mizht have remained bexind in the rock system
wnilst others, mobile ones, were exchanzed and entered the
fluic duriﬁg the processes named above, Yihich slements behave
in a mobiie or immobile fashion “depends la?gely on.the P&
.conditipns prevailing,  For this reason, it is hardly possible.
to establish 2 seqﬁence of geoqhemicai mobility of the elements
which would be equally'valid for all 2 & T con@itions. This
is, because, in general, those components which are mobile are
easily soluble in hyérothermal solutions, like rat ana K*.
A13+ cen unéef nost P & T conditions in the crust'be regarded
as rather immobile (Vedepohl eYal. 19593 PPe 283)} Korzhinsky
(1955) tﬁoroughly investisated this question of geochemical
mobility éﬁd proposed the following general sequence, going
from.eiemental oxides of nigh to those of low mobility:

HZO,’ cop, S, 803, CL, K20, ilep0, F, Cal, 02, Te, ligo0,

5102, 205, 41203, TiO

Many deviaiions can occur dependznt on nature  of the transporiing

\
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medium, the derrec o oxidation, and the state of hydration of

ions (Fersmaq , 19293 Barkcr, 1384).
. 'éssuming thzt this sequence can be acce?teé as valid, even
if és a géneralised possivility, the author has used it to arran_e
groupinz of individual supracrustal rocks based on concentration
of imnobile elemental oxides namelys TiOp, Pp0s5, Alp03 and IinO,
Fortunatelj, the-classification ﬁatched that based on
petrographic consideration discussed in Chapter 3. There were

a few anomalous cases but a combination of the attempt at
geéchemical‘ciassificatibn'%ith further petrozraphic study
helped resolve then, A study of the behaviour of the refraciory

oxides (1ig0, Feo, Ca0) also helped in the rock classification,

a

Finélly, it ié necessary to ﬁentiﬁn here that the major
element comp&éitions have not been used to determine the
nature of the ofiginal rock types. Por the supracrustal rocks,
the§ are merely sugiestive, At this stage of this thesis, it
does hbﬁ seem unreasonable to suggest that the rocks studied.
are either meta—ignéous or meta—sedimentagy when their
compoéitions are compared with those from similar types previously
studied by other workers (seé Tables 6.6~and 7.7 - 7.10). It
alsq appeérs that the meta~izneous ro;ks-were derived from three
magma series: calc-alkaline, alkalic and ftaoleiitic (low -
" alkalic); apd the supracrustal rocks Qere probably derived
from the mela-igneous rociks by normal weathéring and

-

depositional processes,
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TABLE 4.1. Summary of major element analyses for all rock types

ROCK TYPE NUMBER OF ANALYSES

A. META-IGNEOUS ROCKS
Ultramafic gneiss

Mafic gneiss
Hornblende gneiss
Quartz-feldspathic gneiss

N N =

B. SUPRACRUSTAL ROCKS
Quartzitic gneiss
Feldspathic gneiss
Garnet granulite f

Biotite-muscovite-garnet gneiss

Biotite-garnet gneiss

Biotite schist

Quartz-biotite schist

Quartz-biotite~-garnet gneiss ' 1

S - T B o - B \ PR

N

Quartz-magnetite gneiss
Quartz-mica schist
Quartz-garnet-mica gneiss
Quartz-feldspar-garnet gneiss

- N NN =

Quartz-garnet-feldspar gneiss

TOTAL 56



TABLE 4.2A. Major Dlement Coupositions (avereges & xanges) for vocks in Foindie senme -

o,
0,

F|20 3

Oxidition
Batio

7e0,/Fo0,4g0
Ca0/A3 2%

NelX

META-IGNEOUS ROCKS —_ SUERMCRUSTALS »
o - ite Quart- Quartzeblotite=s Quartz-mica Quartz-garnet
M¥afic BHornblende . Quarts Quartzitio Feld: Quartz~ Blotite Plot. &
magne= muscovites Schist biotite gamast schint (2 «gica gneiss
ervise gooloa ;ﬁx‘." thio met:; io  tite  garmet - (2) achist (4) gneiss (11) @ (2
(5) (5) gneles gnelss gnelss'(8) . )
Ave, ’ Range  Ave, i Range Ave. Bange ) Avo, Rangs  Ave. Range Ave, Range  Ave. Range  Ave, Range  Ave. Range
10~ 23 76,94 ~ 58,40 = 54.98 = 70.55- 63.83- 73.41- 76.57-
sao4 10T Y 72.06 .40 |e0.ss 8176 6662 56.09 6084 6135 5593 56.08 1422 T507 6105 €.61 94 Ted TLM Tei
0.41- 0.04- : 0.52- 0.67- 0,13~ 0.36~ 0.13- 0.04.
0.70 1.14 2.12 0.6 0.23 | OM * 0,12 0.51 0.68 ° 09 0.73  0.79 0,26 0.47 0.60 1,00 0.20 0.27 0.09 0.t}
. 11,37+ 9.4~ 16,07 15 Q3 - L 9.21- 14,76~ 12,23 10.68 -
15.98  14.17 :2 05 13.58 153; 9.80 10.04 16.14 12,23 17.069 19.53 15.84 16.64 - 12,08 15.20 15.69 16.33 12.92 13.61 11.85 13.02
. 05~ 0.01- 10,01~ ~0,20- 0,21~ 0.05- 0.04~ 0.06~ 0.02-
.72 2.88 1,83 0.8 0,38 | 0.04 0.08 0.14 325 0.48 076 045 0.6 0.1 0.2 0.17 0.52 0,07 0.07 0.06 0.1
C 844 0.89- 0,50~ : 4.72~ T.68+ | 1.54~ 1.86- 1.54- 1.44-
6.72 1169 1?,% 1.95 4.43 .38 1.15 0.60 16.26 5.38. €.03 839 9.90 ' 2,85 5.29 %70 6.10° 17T 2,00 0.95 1.46
18- .02 - 3.08— 0.06~ 0.13-~ 0.03- 0,03~ 0.03 « © 0.01-
0.17  0.22 8.52 0.11 8.40 0.11 028 0.1 OC8 0.0 0.7 0.2 1 0.26 2.06 ©0.12 0,07 0.12 0,04 0.05 0.02 0.03
4.19- 0.50- " 0.21- ‘ 2,60~ 5.10- , 1.43-" ©0.73< 0.72- .02 -|
441 5.57 8.68 091 1.701 0.49 0,88 053 3.80 2.94 3.3 Se 5.30 . 1.46. 2.19  1.83  2.53 0.92 112 0.24 0.45
117 . 1,03~ 147= 3. 76~ 3.46- 1.34~ 1,62 1.23- Q.08+
11,00 8.72  9.89 2,69  3.49 | 1.89 2,82 197 1.7 459  5.50 476 6.04 213 2.9 3.85 6.65 1.93 2.6} 0.47 0.85
. - ’ 48~ 2.90 - ‘2.84= 1.56
69~ 2.29- . 1.33= 2.24- 1.1 1 )
2,18 2.8 ;.gg AR 5T 160 LT A4 0,10  3.62 455 154 .96 ' 2.50 :-z: 3.7 :-: 335 426 w07 ::
.26~ .23 1.19= 0.62- 2.39- 09~ .90~ . 5.29
2.14 0.4 g.gg 292 0d| 1.4 2@ 95 0.65 2,00 - 365 325 4 250 43 N6z 4T 29 * 674 6.1
. - . 0.0 0.10+
 0.07- 0.03-| 0.19- 0.24- ¢ : . : .
052 0.6 o35 0.06 00| 0.03 % 006 002 026 035 o021 o029 0% 0 8 one 83 oo + o008
0.31- 0,60~ 0.53= B 0.88- 1434«
.49 0.54 2.05 0.90 2.97 | 0,86 1.05 0.94 395 .55 2,06 .62 1.89 0.62- 0.31~ 0.72~ 0.42-
N 0.08 : 0.09 - 1.04 1,50 0.90 1.73  0.93 1.4 057 0.
0.06  0.07 »  '0.06 0.9 0.05 0.03  0.03 0.11 0.5  0.13 0,05~ 0.04- 0.08-
10.07 8.07 0.09 . .50 210 0.08 0,10 0,08 Q.11 0,14 0.1  0.03 *
07~ , B8.07- .09 X 80~ .
18,70 -17.41  19.94  9.04 ~14.87 | 2.28  3.47 1738 15.15 6.5 11.47 4.11  15.62 3.00~- 1,00~ 3.05- 1.22-
052 . . 0. 0.70 0.6 0.59 5,80 1.84 3.86 7.60 3.22 3.33 9.00 18.37
0.66 -0.71 0.84 0.61 0.74 | 075 0.76 0.59 0.83 0.66 O.71 - 0.63 0.81 0.58~ 0.06~ 0.50 0.60-
0.53 0.08 0,09 0.21 o 0.63 0.2 0.62 085 0.60 0.9 0.69 0.77
0.69 0,59 0.67 0,21 0.31 | .20 0.31  0.11 0.44 0.27 0:54 0.31 0.4 el 0.10— 0.09~
216 0.34 0.56 06 oz 0.17 0.24 0.26 0.47 0,16 0.22 0.01 4
. 34 «56= . ) +06~ 2= N
0.9  6.13  7.70  5.80 16.11 | 0.81 1.22 0.67 0.14 2,12 404 0.5 0.75 0,45~ 0.99- 0.77- 0.05
1.22 2.75 .3.62 11.81 1.28 1.78 0.6 0.26
® e wiznificent ohange

Fiziwocin brookots show no. of onalynos

¥6



THILN 4.2 Major Element oompositiona {averages & rangss) for rocks in

Scourie zone .
" | META-IGNEOUS .8DPRACRUSTALS
ROCKS : :
Ttra- Quartz |Garnet Biotite- Guarss Cunrlz fuanta
mafio feld- |granmulite R garnete biotite pgoriiot {3 ERLE
gneiss apathic . " gnelas suolas  feldg;ar  ghxied
gneiss (2) (2) groios sneiss
’ (2)
Ave. Range  dve. Renge Ave. ' Rangs
810, . 54,21~ 61,89~ . © €7.50 —
40.05 64.25 [54.31 S54.40 62.52 63.14 70.14 78,20 67.94 . 508.38
740, , 1,13 0,68~ - 0,36~
2.25 - 0.6 | 1,15  1.17 .0.72  0.75  0.31  0.32  0.41 0.47
41,0, 19.36= 16.42~ 16,11~
3 17.06  14.94 [20.33 21.290 16,75 17.15 14.94 14.83 16,37 16.63
Pe 0 0.08~ 0,12~ . 0.06 -~
3 1.59 0.5 | 0,10  0.11 0.3  0.65 .0.04 ©0.01 Q.14 0.22
TeO 8.9~ © 3.92- 2.30-
15,10  4.47 | 9,12 10.03 5.40 6.88 4.19 0.82 2,50 2.69
M0 0.13~ 0,08 -~ ) . 0.04~
0.25 ©0.09 | 0,19 0.24 ' 0.2 0.14 0,12 0.02 006 0.07
. Mg0 C2.38 4 " 3.01- : 1o13-
7,02 2.3 | 253  2.68 3.1 321 136 0.41 1,23 [1.33
1
Cs0 1.79- - 1.97-
110,646 551} 299 4.18 3.2 2,00 1.76 2.69 3.371
Ha,0 3.26- 3.53 : . 3,04~
117 474 | 4.13  5.00  3.57 360 295 5.07° 379 4.53
X0 2.29= . 1.12= 1,29~
1.04 0.74 | 2.61 2,92 ' 2,00 2,87 2.85 137  3.36  5.43
P05 0.05- 0.07=~ 0,04~
0.83 0,12 | 0.10 0.14 0,10 0.13 0.04 0.04 0.08 0.12
tor 0,67~ 0.39~ - 0.24~
0.00 1.00} 0,89 1.11 067 0.95 0.45 0.44 0.54 0.84
s,‘,o" 0.06= ’ 0.09~
. 0.05 0,08 | 0.,09° 0.08 0,10 0,07 0.0§4 0.22 0.34
Oxldation 87— T 1,55~ 0.70-

. [}

Ratio 8.65 8.31] 0,95 0.98 7.27 12.90 0.85 1.09 3.7 6.86
P60,/ 760,,42g0 0.78~ 0.60 ~ 0.64~
o/ 0.70 ©0.62) 0.79 0.79 0,65 0.69 0.76 0.67 0.68 0.72
c;o/uéo, g.oa- ‘0,19~ 0.07-

0.62 0.37 0.15 .22 0.20 0.20 0.13 0.12 . 0.14 0.0

/X 1.05 lo
05w 3= -
1.00  4.74] 1.29 .53 1,87 281 0.92 3.29  1.62 2:?‘5’

® No significant change
Pigures in brackets shov no. of analyses ’ :

66
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TABLE 4.3A CIPW Norme and Niggli values (avewages & ranges) for rock’tih Foindle zone

META-IGNEOUS SUPRACRUSTALS .
Mafie Hornblende Quartz— Quartzitic Feld~ Quartz- Diotite Biotite Quartz~ Quart Quart Quartz-
gnelzss gnelss feldapathic gneiss (4) epa~  magne- muscovite- schist blotite ‘Blotite schis:-mi” gamet-mica
(5) gneiss (5) thic  tite  garnet (2) schist garnet (2) _ gneiss. (2)
gneiss gneiss gneiss (8) (4) gneias (11)
. .
Ave. Range Ave Rarge |Ave. Range Ave. Range Ave. . Range Ave. Bange  Ave. Range. Ave. Range Ave,
0.79~- 18.76~- 55,59~ 4.55~ A4 ) 20.07 - .88~ 41.46~-
3.99  3.03 7.03  31.74 44.45 §58.32 61.09 13.01 32.36 13.76 18.09 10.86 *  41.52 23.304 25,90 52.12 39.32 2;,75' 43.39 45.51
' 0.42 - 1.23~ ' 0.42~ 1.54- © 0.8 0.93-
1.57 * 1.72 249 0.96  8.24 159 433 473 - 1.52 2,08  2.25 2.88  1.36 a.?a "2.05 3.15
1.65~ 1.36— 8.04 - 4.85 - 14,21~ 6.32~ 1,30~ 31,20 -
12.65  2.59  4.31 12,54 35.81 [11.43 16,66 35,16 3.72 1180 21.57 1921 24.29 14.76 25.47 10.01 6.2 12.56 ¥ 39.80 48.40
40.79- 24.23 - 19.35 = ~ 35.06~ 24,76~ 19.72 - 40.57- 36.87- 5.04 -
45,94  50.14  55.21 47.03  59.59 [22.67 26.81 46.95 9.43 52.68 60.15 33.25 41.74 31.37 41.55 48.30 61.27 39,38 41.89 11-10 17.16
: 14,30~ - 19,38~ 1125~ 18.95 ~ ’ 9,39 ~ 12.52- . 24.54- 24.03- 4.91-
18.45 23.74 27.92 36.40 50.60 [13.52 15.06 37.57 0.85 32,36 43.75 12.99 16.58 21.13 27.55 31.66 40.02 30.04 36.05 9.06 13.20
24.03- 4.85- 4.27~ 16,11 = 15.37- 6.45-" 6.86~ . 5.84e 0,14~
27.50 26,41 28.30 10.63 14.70 | 9.15 13.79  9.38  8.85 20.32 23.29 20,26 25.15 10.19 13.80 16,45 23.95 9.34 12.84 2.05 . 3.96 .
: 20.66 - 1.5~ 1.76— 14.19 - 25, 14~ . 5.46- 4.86— 4.45 0.73—
10.07 23,09 30.81 4.66 11.00 3.7 7.38 2.14 36.18 15.55 17.20 27.31  29.47 8,03 14.72 9.75 14.52  5.2% 6.01 2,18 3.63
4.06- 0.01- 0.01- . . 0.42- 0.30~ - 0.07- 0.06 - 0.03-
2,49 418 6.96 0.26 0.55 | 0.05 0.12 0.20 4,68 0,70 1.10 0.64 0.99 0,22 0.39 0.25 0.75 0.10 * 0.09 0.4
0.78 - 0.08- , : . 0.20 1.27- 0.25~ 0.68~ ‘0.25- 0.60-
1:33  2.17  4.03  0.30  0.44 { 0.21 0.2¢  0.87 1.7 473 139 1.60 0.49 0.89 1.4 1.9 0.38  0.51 0.17 0.25
0.17- 0.07- ' 0.45+ 0.57— 0.07- 0.24 * *
0.76 0.38 0.69 0.14  0.26 | 0.07 0.14 0.07 0.87 2.54 0.65 0.69 0.14 0.24 " 0.43 0.76 0.0. 0.09
8.66- 1.85- 2.07~ - - - 1.57-  _ - .o
20,66 13.20  17.99  2.45  3%.25 = = - - 2,44 2.81 2,68 4.33 6.21 =
- - - - - - - - - - - - - - - - - - - - -
17.85- 5.47- 39.96- 32,11~ 26.47 - 30.82- 31.76 -
24.83 21,01 23.18  35.80 47.81 [46.39 51.87 48.01 22.91 34.99 37.49 27.72 28.97 39.58 44.85 38,66 45.50 43.70 ¢ 49.79 54.90-
46.28~ 9.52- 8.69= | : 27.70- 43.96~ 17.03~ ¢ 15.05 - 14.76~ . %48
14.80  49.18  58.13  18.41 45.10 | 15.18  25.51  6.31 69.48 32.07 34.20 46.53 49.09 25.49 45.38 24.57 32.30 16.75 18.74 86.64 13.79
19.72—- ) £€.55- £.55- ) 14.87- 11.02- 8.78 - 8.63 - 7.02- 0.6
31,13 22.54  24.51 16,20  25.35 [ 15.74 24.72  9.48 16.92 16.92 19.98. 15.18 19.34 12.54 17.47 16,79 26.90 12.14 17.05  3.56 6.50
4.30- 9.19- 15. 60~ 15.05~ * 14,74 13.76 - 24.75~ 34.82
9.1  7.26  8.49 29.59 36,12 | 22.70 30.90 36.20  1.59 16.42 19.94 10.58 22.47 29.85 19.95 30.37 27.42 30.08 38.0% 41.23
116,28 139,58 . 524.26 - . 190.55 162.45- 350.87~- 236.10- 402.65~ 545.63~
139.58 123.24 130.33 407.17 489.88 [651.34 711.96 300.09 180.81 209.25 219.19. 166.22 169.98 416.24 463.87 281.17 346.35 431.62 460.53 551.45 557.27
) 0.07= 0.04~ : 0.32- 0.12~ 0.45~ 0.18- 0.03- 0.25~ 0.69-
0.39  0.10 0.16 0.22 0.64 | 0.41 0.51" 0.47 0.61 0,27 0.52 0.58 0.71 0.3 0.5 0.22 0.38 0.29 0.33 0.80 0.
0.25— 0.38+] 0.32~ 0.42—~ 0.46- 0.41- 0.24- 0.06~
0.46 ©0.40 0.62 0.44 0.50 | 0.37 0.42 0.5 0.26  0.47 0.54 0.51  0.55 0.5  0.55 0.45 0.51  0.47 * 0.21  0.35
. 2-0,93; +80. 02+ +361.86- +36226% +18.75- - +156.65- +70.00 = +182.34- +260. 71~
42,85 5,79 (~9.45) +199.56 4349.52 }+460.57 +496.52 +55.29 +174.47 +43.57 +51.11 423.90 +29.05 £26.39 +269.61 +101.39 +141.56 +221.97 +261.60 +299.364318.01 ;

# No significant change
‘igures in brackets show no. of analyses.

v
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TABLE 4.3B. CIPW Nowms and Niggli values (averages & ranges) for mocks in Scourie zone

CIPW Norms
Qz

Co
or
Pl
Ab
By
Mt
Ap

Di
o
Niggli values
al
" fm

c

* alk

q%

META~IGNEOUS SUDRACRUSTALS
ROCKS )
Ultra- Quartz- Carnet Biotite- Quartz~ Quarta Quartz=
nafic feld= | granulite garnet= biotite garmet  garnet-
sneiss  gpatind (2) gnelsa garn it feldspar feldspar
cneigo (2) gneiss gnelss  gnelss(2)
Ave. Range Ave. Range “Ave. Range
0,80 17.49- 22,25
, 16.82 5.53 6.26 18.84 20.19 32.52 34.82 2%.97 25.68
! 4.25 174~ ' R
5.51 6.77 5.04 4.3% 3.46 ] 1.90 2.70 1.94
: 13.53- 5.52- } 7.62-
6.15 4.57 15.40 17.26 11.79 16.96 16.84 8.10 19.86 32.09
47.41~ T : 35,24~
48.09  5T.¢ 49.14  50.86 45.78 © 34.62  51.37  45.01 54.77
27.59- 29.87- ’ 25,72+
9.82 40.11 34.9% 42.31 30.17 30.46 24.96 42.90 . 32.03% 38.33
19.31= . 13.17= . %
0.51 10. 51 21.42 23.52 16.%6 - 19.55 10.76 12,03 6.95
T3 1.3 ' 0.68-
4.24 1.16 2,18 .2.22 1.37- 1.42 0.59 0.61 0.79 0.89
0.12- 0,17~ 0,09~
1.97 0.28 0.23 0.33 0.24 0.31 0.09 0.09 0.19 0.28
7.59 7.64 - - - - - - -
26.97 - - - - - - - - -
34.39- 35.46- 42,81~
21,06  31.50 | 36.96 39.52 35,76  36.06 41.36  49.28  43.08  43.34
33.31- 31.01< - - 17.60~
51,32 30,57 |35.75  38.19 ' 34.36  37.70  26.60 7.45 ~ 18.18  18.76
6.04= 12,.33- 9.52-
23,89 21.18 92.77 13,50 12.72 13.10 10.07 10.63 ° 12.75 15.97
13.93- 14.51- : 23.07-
3.74 16.67 17.53 21.13  17.17 19,83 21.97 | 32.64  25.99 20.91
, 163.40- 21713 289.64-
85._57 230.50 [167.37 171.34 226,22 235.31 329.49 418.83 303.52 308.39
0.28- . 0.17~ ) - 0.16-
0.37 0.01 0.30 0.32 . 0..26 0.34 0.39 0.15 0.35 0.54
* 0.45- 0.40-
0.43 0.51 0.33 0.50 0,54 0.36 0.46 0.45 0.50
-13,19= +50.60 +92,75=
~29. 41 4+63.83 [14.30  +41.79  +57.94 +59.08 +141 .60 +188.27 +99.56 4106.36

* No significant change
Figures in brackets show no. of tnpalyuc.s.

L6
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© , Quartz~feldspathic gnelss o Fe 7‘}( Quartz- magnetite gneiss
v Mafic gneiss (c] Quartz~ garnet-mica gneiss
4  Hornblende gneiss v Ultramafic gneiss
@ Feldspathic gneiss ® Garnet granulite
1 Biotite=muscovite=garnet gneiss ® Quartze- garnect= feldspar gneiss
B  Biotite schist i ‘ " @  Quartz~ biotite=garnet gneiss (Foindle)
4 Quartz - biotite schist 'k Quartz -biotite =garnet gneiss (Scourie)
@ Quartzitic gneiss 4 -8 Quartz- feldspar~ garnet gneiss
¥ Quartz=- mica schist a Biotite - garnet gneiss
Na +K Mg )

Fig. 4.1 T4 (atomic fractions) plots of the Foindlé - Scourie Supracrustal rocks, quartz -
feldspathic, mafic and ultramafic gneisses, The dashed Line is that sugzested by |
Irving & Barcger (1971) to separate tholeiitic (above) from calec-alkali (below)
rock serics, .
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Quariz=~feldspathic gneiss
Mafic gneiss
Hornblende gneiss
Feldspathic gneiss T
Biot’ite—muscov.ite-garnet gnelss!
Biotite schist
-Quartz~ biotite schist
Quartzitic 'gnelss
Quartz=mica schist

INFRACRUSTAL
ROCKS

OR

Quartz = magnetite gneiss
Quartz~garnet-mica gneiss
Uitramafic gneiss

Garnet granulite

*

[0}

v

]

® Quariz- garnet-feldspar gnelss

8  Quartz- biotite~ garnet gneiss{Foindle)
‘A’ Quartz-biotite=garnet gneiss{Scourie)
8  Quartz~feldspar- garnet gneiss

»

Biotite - garnet gneiss .

AN

be?2

llermative feldsvar (Or - Ab - An) diagram for the rocks in Poindle znd Scourie, - Dashed line
separates the two rocik groups, THe groups are based on field evidence (see Chapter 2)
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Quartz « teldspathic gneiss
Matic gneiss

Hornblende gneiss
Felidspathi¢c gneiss
Biotite = muscovite~ garnet ghelss
Biotite schist
Quartz~biotite schist
Quartzitic gneiss
Quartz - mica schist

maYoe o <o X

Quartz-magnetite gneiss

Quartz= garnet-mica gnelss
Uitramalic gneiss

Garnet granuiite

Quartz=garnet= feldspar gnelss
Quartz=biotite-garnet gneiss{Foindle)

‘Quartz - biotite~garnet gneiss(Scourie)

Quartz ~teldspar-garnet gneiss
Biotite=garnet gneiss

CaO

Fige 443 KpO = Nap0 - Cal diagram showing major eclement abundances of* the rocks in Foindle a2nd

Scourie,

001X
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Quartz - feidspathic gneiss
Mafic gneiss

Hornblende gneiss
Feldspathic gneiss

Biotite=muscovite~ garnet gneiss

Biotite schist
Quartz - biotite schist
Quartzitic gneiss
Quartz-mica schist

~

£ b

S
»
N

K20 vs 510

Quartz-magnetite gneiss ’
Quartz-garnet-mica gneiss
Ultramafic gneiss

Garnet granulite

Quartz~- garnet-feldspar gneiss
Quartz-biotite—garnet gneiss(Feindle)
Quartz~biotite~garnet gneiss(Scourie)
- Quartz-feldspar~garnet gneiss

Biotite ~garnet gneiss

T eXo e o « o0}

~lots for the Supracrustal rocks, quartz -

feldspathic, mafic. and ultronafic gneisses in Folndle and

Scourie, . A = Poindle assemblages, and B = Scourie

assemblages,
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. Fig. 4.5 - Plot of Mg0, Cal, Alp03, 5i0p (wt. %) vs
Differentiation Index, T = FeO total/(Te0
 total + 150) (after Rivalenti, 1976) for

the Toindle Amphibolites
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The ZRP trace element geochenistry is first discussed,
Thé rare-egr?h eleument (REZ) geochenistry is treated later in this
chapter, ’
Some major elemenfs (e.5. K, Ca, Si, Fe, ln, Lg) are
metioned ﬁcre beeause cither they have been used to calculate elemcnial
ratios or are ugeful in the diccussions, A nunber of these
ratios relate to the competitibn by minor elements for major

-

elemnent sites, liajor and minor elements with similer ionic

'._Jv

characters will show a chengze in ratio if a fracfionation process,
exploiting the slignt differences in their physical or chemical
‘properties, has taken place. The greater the similarity btetween
the major and minor elements, the greater is the degree:. of

fractionation required to affect the ratio that relates them.

1

Data in Table 7.1 snow that for rocxs‘from both areas
studied, such trace element ratios as K/Rb, and Ba/Rb are high,
while Rb/Sryand X/Ba are lov. Such characteristics have also
been noted by Bott eﬂél. (ﬂ972) as typical of granulites.

However, a comparison of data from both areas shows that the X/Rb

oN
(@]
i—J-
3
=
O
FJ.
s
(o)
bt
(4]
L]

ratio is reduced from the Scourie averaze of 700 to 5

The Ca/Y ratio is reduced also.,  All other raties (K/Sr, X/Za,

and . . Ba/Sr) are increased,

XRF twace elenent data and RED data obiczined by HHeutron

-

activaticn analysis are summariszed in Table 5.1, Complete data

4 a

for the mejor rock grocups are prescnted in Appendix while the

8

XBRT trace eleoment compositions (averzies and rangec) are presented
in Tables 5,24 -5,.2B, RID compositions (averages) for major rock

Lo Lo

srouns tThou ht to be genetically related, are shown in Table 5.4,
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Table 5.1. Summary of whole-rock XRF trace element and REE analyses
for all rock types

Rock Type ) ~ Number of Analyses
META-IGNEOUS ROCKS '
Ultramafic gneiss
Mafic gneiss
Hornblende gneiss
Quartz-feldspathic gneiss

ON T -

- SUPRACRUSTAL ROCKS

Quartzitic gneiss

Feldspathic gneiss

Garnet granulite
Biotite-muscovite-garnet gneiss
Biotite~garnet gneiss

Biotite schist

Quartz-biotite schist
Quartz-biotite-garnet gneiss 1
fuartz-magnetite gneiss
Quartz-mica schist
Quartz-garnet-mica gneiss
tuartz-feldspar-garnet gneiss

- NN RN SN R NN ON

Quartz-garnet-feldspar gneiss

o
o

" TOTAL
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Data from other areas used in comparison are shown in the tables in
Chapter T. The principal conclusion shovm by the above is the
over~-all seochemical similsrity of the rocks. In the description
‘of the geochenistry of the various groups, emphasis will bé
placed on the points of divergence,

-Broadly‘SPeaLing, these snalyses are substantially,the
same z& the mean anzslyses for rocks from the Canadian Shaield
quoted by Tahrig & Tade (1968), and Shaw effal, 1967. The mean
analysis of the South-Vestern Australian Shield given by Tanbert
and Heier {19¢8) is also similar, The only remarkable distinction
is the higher potassium levels shown by these other rocks, Also
useful for comparison are the means of quartz -~ feldspathic
gneisses quoted by Poldervaart (1955), and those of similar
Lewisian gneisses quoted by Ghaly (1966). Except for the lower
potash and hizher soda contents of most Scottish Lewisian rocké,
these ctbér compositions are comparable

The author will examine results using methods devised to
help understand origin and relationships of rocks series, Some
of these methods were specifically designed to illwminate
maguatic processes such as fractiomation and would not necessarily
have bearing on variation due to sedimentéry processes, In order
not to prejéége the issue, thése plots are used, but their use does
not imply that the author regards all the rocks discussed as

neta~igneous.,

Taylior (1965) stated that the normal Qalue for'the K/2b
ratio is betwaen 150 and 300, and that values outside this range
call for special explanation, However, he considered most
of the exceptions to be below 150, and to be due to extreme

fractionation, This conclusion was larzely substantiated
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by Shaw (19¢€8), wno performed covariance analysis on potassium
.and rubidinm values from published.data on izneous and quasi -
igneous rocks, He showed that the ratio was not constant,
and althouzgh it fell within Taylor%s limit for potassium levels
A gregter than 1%, it rose to 430 with values“pf X of/0.01%. ilost
reéent vork by Sighinolfi (1939) on gmphib8lifés~and granulite
facies gneisses in the Alps has shown, by a Simiié; procedure to
Shew, that enrichzaent of K relative to that at low potassiua -
levels is even greater, It is therefore likely that high grade
gneisses show a greater degree of Rb impoverishment than those
samples used by Shaw,

Figs. 5.1 (A & B) for the rocks stu@ied show wide scatter \‘
for the ¥ vs Rb plot, but a trend of increasing K/Rb ratio with
increasing X is evident in the two diagranms, M;st rocks plot
sbove the crustal average of 230 given by Taylor (1965), As
mentioned earlier, the lower ratios are observed for the Foindle
rocks, It is possible that this could be due to retrogression,

which is thought to be more intense in Foindle (see Chapter 3).

5.1.2 X, Sr

g, 5.2 shows that there is no obvious positive correlation
_betwéen ¥ and Sr in the rocks énalyzed. Host rocks plot below
the 80C prm Sr level. Tmereas the K, Ba relationship (fig, 5.3)

¢

tends to emphasize differences between the groupé the K, Sr
distribution Ffor all rocks shows remarkably little scatter. This
indicatcs that stroniium is probably occupying potassium sites. H
Taylor (1965) considers that this happens more readily than the

entry of strontiuam into caleium sites. Thus, although the

potassium -~ strontium relationship is very interestinz, the X/Ba

ratio is a better indicator of fractionation.
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5.1.3 _Ba_ ' .

As already stated above, one particularly good test for
‘fractionation in rocks is the_Ba/Rb ratios, Although both Ba
and Hb are able to occupy potassium sites in micas and feidspars,
during fractionation rubidium tends to concentrate in these sites
in the frectionating phase, and barium in the residual phase
(Skiﬁner, 1970). This is the_result of the different size and
charge of the two ilons, and their behaviour is well documented
for fractionation in izneous rocks (see e.g Taylor, 1965).

K/Ba ratié is preferred in this work Because some of the rocks
have initial K/Rb ratios which are widely divergent from the
nornal value.of 200, and thus thé Ba/.lo rafio gives anomalous
values, The concentration of barium is potassium sites in the
residuél phase implies that the barium content woﬁld be expected
to decreaée, and the X/Ba ratio. to increase, wifh an increase in
potassium, Since these facts have béen observed in South Harris
mizmatites by Skinner (1970) where fractionation was established,
the K/Bé ratio is coﬁsidéred a suitable indicator, There is an
increase in K/Ba with increasing potassium for many of the rocks
althouzh the dezree of potassium enrichment varies considerably,
The plot of X vs Ba (fig..S,B) shows a fairly close correlation
betﬁeen Ba and X. There is certainly a wide scatter but
individual rock. types cannot te contoured due to the extrene

S

variation in the two elements.

Strontium also shows an interesting»correlation'with calciua,
This correlétion is especially well marked in acid rocks, but it
is not so prominent at highér calciunm levels, This is readily
explained by Taylor k1965),,who noted that strontium much nore

readily enters calcium sites in plagicclase than in pyroxesnes. .
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Table 5.24 XHF trace element compositions p.p.m. (avarages & ges) for rocks in Foindle zone

META-IGKECTS ROCKS S U pRA. GRUSTALS ]
Hafice Hornblende T Quartzitic Feld~ Quartz- Biotite- Biotite Quartz= Quartz=biotite Quartz~mica Quartz-garuet
gueiss  gneiss (5) feldspathic gneiss (4) spathic mag- muscovite- echint (2) viotite garnet gnelss schist (2) plca~gneiss

: gneiss (5) eneiss 2::1:: fa.s-n;t;i“ schist (4) © (1) ()

Ave. Range Ave. Range Ave, l Range Ave. Rangs Ave, Range Ave, Range Ave, Range Ave. Range Ave. Range
153 59 23-94 12 4-22 1 ' 5=10 ' 15 14 81 32-104 181 145-217 14 1-20 45 6-65 20 633 9 *
61 26 - 634 8 411 |9 11 1 15 40 25-61 64 4683 14 am 2 658 10 135 ~-6
23 3 41=T 39 2-84 43 3350 60 8 , 38 16-86 39 . 42-112 38 21-49 30 3-65 67 4390 116 107-124
346 194 109-240 273 99-634 69 64-119 631 3 476 410-555 385 ;87—582 302 108-444 424 ) 254-761 241 M1=373 715 39-110
22 37 11-69 40 2154 {80 52-117 5 21 15 7-29 46 21-71 59  1-202 , 18 7-55 51 18-95 8 9-108
212 151 13196 188 46~29% - 1229 209-248 154 497' 235 195281 200 126-215 351 278-483 189 21-380 199 179-218 207 133262
895 265 91-276 640 113-1249 [903 640-1028 5465 84 842 40-1498 1134 111}§a 1450  590-2972 136 = 65-2204 389 385-394 1023 193-1253

1 1 1-3 5 1-11 |10 4-14 3 6 1 1-2 7 2-12 2 1-3 3 39 8 415 6 111
89 134 57-188 50 15-138 1402 20-9%9 14 103 34 84-256 209 172-246 58 44-79 86 15-182 33 30-35 49 14-84
8 1 1-13 13 ‘ 4-23 9 6-18 5 2 34 5-69 49 25-73 1" 9-13 48 5-213 T 4-11 5 &7
178 | 236 229-318 16 6-24 6 4-7 15 103 103 35-143 154 131176 . 27 4-44 T2 20-1071 17 4-30 - 4 35
N 2503 . 888-7653 517 237-822 {379 226-513 822 665 464 ) 319-616 389 304-473 525 422-737 554 253-988 304 196-412 40 408-552
52 23 13-57 63 10-181  }259 178-460 178 1526 35 12-63 108 34-182 94 20-159 35 6-66 103 48-159 874 622-1124
20 25 9-617 ' 25 13-40 |18 10-23 9 21 19 13-21 24 18+30 17 8-26 23 11-38 45 45-46 55 -
0.07  0.02 * 0.13 0.01~  [0.5% 0.4~ 0.10 2.29°  0.08 0.03-  0.34  0.05- 0.17 0.05 0.07 0.01 0.47 0.12- 2 -3

0.28 0.80° X 0.18 0.60 0.30 0.18 0.81
40 250 59-167 28 10-61 |22 13-31 9 " 24 17-36 18 10-27 35 18-61 29 12-69 1 4-9 9 7-10
3 3 8 2 =5 In %14 9 % 2 -3 4 26 .4 T2 o2 4 16 1-20
3600 7850 815~ 4794  1é2- P35 72~ 3062 614 3802 117 1225 349- 10498 5% 3601 452- 341 ‘ 199- 60 57-63
6429 8190 42 4552 2102 40000 15500 484 .

* HNo significant change

FPigures in brackets show no. of analyses,

801



Table 5.2B. XRF trace element compositions p.p.m. (averages & }:ange

I09

s).i‘or rocks '
in Scourie zone. .
META- IGNEOUS SUPRACRUSTALS
ROCKS :
Tltra- Quartz-| Garnet Biotite- Quartz~ Quartz- Quartze-
mafic feld- Granulite garnet biotiter garmet feldspar-
gneiss spathic{ (2) eneiss garnet  feld-  gamet
gneiss (2) gneies - spar gneiss
gneiss (2) ‘
Ave. BRenge Ave. Range Ave.  Range
o a4 93 303  201- 154 15— a1 17 45 44-
405 294 46
NS 31 28 185 70~ 65 14~ 12 7 18 10-
303 116 : 26
B | 45 - |3 x4 12 % T3 10 57 - 13-
39 15 - 102
Sr " 3067 506 ~395 211- 481 372- 331 555 516 460~
578 50 © 5T
Y 235 7 31 17-- 12 =22 T 3 13 323
. 46 . - N
Zr 178 . 24 206 176~ 153 T 367 307 319 16~
: 237 - c23s ‘ : 622
Ba 402 426 891 425- 1466 353 1034 3340 2177 976
1356 . 2579 3378
o | 9 3 15.40 * 5 * 8 3 4 . 35
Zn 1092 50 157  61° 70 50~ 40 18 49 42
254 91" 55
Cu 1019 14 178 T~ 34 14 7 4 8 3
286 o 54
v 936 81 262 256 102 49- 62 30 58 *
- - 268 155
K/mb | . 191 - 578 854~ 1327 1066- 326 1163 635 448
. 601 1588 822
Kfsr | 3 12 85 33~ 33 25 72 21 59 19-
. 113 40 99
Kffa | 21 14 22 s 18 9-26 23 3 12 1~
! 30 12
Bb/sr| 0.02 - 0.13 0.0~ 0.03 * 0.22 0.02° 0.12  0.02-
- 0.19 0.22
Ba/Rb| 9 - 25 - 1=39 106 41~ - - 14 341 54 33-
. 172 ‘ 75
Ba/sr| 0.13 0.84 2 * 3 1-4 3 6 5 2.7
ca/Y | 323 5549 702 655~ 12266 1081- 200 . 3701 4189  €05-
750 23452 1173

* No significant change.

Figures in brackets show no. of englyses.
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Thus, when the majority of the calcium in the rock is contained
in plagioclase, the strontium - calcium gorrelation is good,
but as the proportion of mafic increases, this correlation is

lost.

5.1.5 Zn, V, Cr, Cu

Where silica is lower, the corresponding negatively
correlated elements; Ti, Fe, Mn, Cr, Ni and Cu are higher. Eade
et al. (1966) compared the amphibolite and granulite facies
>gneisses from New QQuebec area of the Canadian sShield, and showed
that the higher grade rocks were depleted in silicon and enriched
in Al, Fe, Mg, Ca, and Ti. There is some evidence from this
work, that elements such as calcium and iron are higher in
Scourie where typical granulife facies rocks have been described.
It has been observed in chapter two,tha£ in areas of inhomogeneous
retrogression it is the basic (mafic) gneiss that are least
affected. Notwithstanding this, it does seem that there
may be some geological significance in fhese differences. It is
also rélevant to know that some rocks from Foindle have averages
for thése elements which compare closely with the Scourie ones
(see Tables 5.2A & 5.2B). It is thérefore possible that as
the Foindle-rocks are derived from granulites, they may have
retained rather higher levels of Ca, Fe etc from the grahulite

#

metamorphic stage.

There is slight systematic'Aecrease of vénédium as the
compositions change from intermediate_fp acid, a characteristic
feature of the calc-alkali and alkali rock series. This is
also same for iron and magnesium, Vénadium exhibits conside;able

variation within the rock types. A close correlation exists

between vanadium and iron, and vanadium and magnesium.

N

Due to extreme variations in Zn and Cu contents, and

considering the processes that affected the rocks, their absolute
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concentrations have not been compared with typical rocks Irom

other areas, Cu pariticularly cennot be relied on to indicate
degrees of fractionation as it is readily anerable to
superficial processes, particularly westheringzg, Whgre thcre
are nigh values, it is likely thot these elenents mizanl have

been concedvruusd in ferro-nagnesian minerals (see correlation

plots in chapter 6).

5.1.6 Zr_

Zirconium is particularly distinctive in that 1t shows
little correlation with any element, and cccurs al a roughly
constant level of around 20CG ppm. It ries irregularly.

ChaQ & Fleischer (1280) a;so ncted that in izgneous calc-allizline
to caleic suites of the orogenic belts, zirconium varie

irregularly,

5.1.7 ZIn
Thoriun values are generally low except in graniiic récks
where values greaver thnan 10 ppm have been obtained Taylor (15
gave a thorium value of 17 ppm for granite, For the rocks
nalysed by the author which are possibly metasedinmentary, value
are close to the average of 7 ppm in the Leverbuvgh netasedinents
of Tarney eybl (1372). Tﬁe zne2iscses end schists, which are
meta-pelites (se¢ chapter 6), have values that ars also close o

the average value for such roecks of Th = 12 ppm ziven by Clark

eﬂél. (1963). Thoriun with ionic radius of 1.024, is
characterized by a tendency ito becsmmeconce ed in residual
Do

nmazmas (Ringrood, 1955). - It is unable to replace Ca” (ionic
radius, 0.994° ) in silicate minerals because of difficulty in

attaining elesctrostatic noutrality of the diruciure (Ringwood
? ¥ .

0pe Cit)e.
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Thorium content has been used by VanADe Kamp (1968) to
distinguish between ortho -and para - amphibolites. The values

obtained for the amphiboiites rom this study are within the

ranze of the orthoamphibolite of Van De Xamp (op. cit). The

rezder is referred to chapter ¢ for more details,

5.1.8 X

‘In the garnetiferous rocks, relatively high levels of
yttrium have been observed (see tables 5.24, 5.2B). A level
of 19 ppm has been reported also in the metasediments of
South Harris (Tarney ethl,n1972§ see Table 7.7 column 13).

}Most of the rock‘groups in Scourie and Foipdle contain between
1 ppm and 201 ppm of yttrium..

There is not much information on the distribution of
yttrium dn high grade rocks, However, Lambert & Holland (1974)
presented a survey of Y datas to show its systematic behaviour
in igneous, metamorphic and sedimentary rock series, due to its
incorporétion in a prédicfable and uwniform manner in Cg -
bearins minerals, Haskin eﬁhl, (1966) quote a mean crustal
value for yttrium of around 30 ppm. This would seem to indicate
'extreme depletion in the average sedimentary rocks. However,
analysis of the data shows trat there is obvious variation of
“yttrium with other elements (e.3 K, Rb, Th) which comialy
show evidence of chemical mobility in the crust. | Since it is
not thouznt that there could be major errors in the présent
yttriwa determinations, it is possible that Haskint's mean

value Ffor the continental crust is an over = estimzte,

of the arezs studied can fairly confidently be attributed to
the presence of garnet, but it is interesting to considex

el e~ ]

how this higher concentration was brouzht about initially,
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natv the occurrence of arnet is the result
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of a sedimentary orizin for the sneisses and schists (sec also
Skinner, 1970). This idea has bcen supported by the hijher ytirium
values for the gneisses of Iless, which occur in association
with distinctive metasédimentary rock types (see Vatson, 1969),
for supposed ;,uasedlnnnué in Levbruur h belt (°ee Tarney e%al.,
1972). Respective values for these two groups are 15 and 19
PPz

Ce. and Y have similar chemical affinities, and ytirium
ig concentrated in such calciqm rich minerals as pyroxene,
a@atite, and Sphene, However, ytirium does ﬁpt readily occupy
calcium sites in plagioclaSe‘(see Vager & NMitchell, 1951).,
Thus Ca/Y ratio would be expected to increase more acid rocks as
an inecreasing propoz tlon of the calclum is ;ound in the
feldspar. Eurthermore, Lambert. & Holland (1974) showed that

Hovmblende oot nr»thn
aoxmolende, gaeriitt, OO o

pyroxene, apatite, sphene, zircon
and mostlx, e rich minerals other than plagioclase have
high ytitrium for their Ca contents, They also showed that
in sedimentary processes, Ca/Y ratio bgcomes lower in snales and
sandstones, but higher in limestones, than thelr source while
Ca/f tio falls as .Ca Ffalls in all igneous series for which
¥ gdata has Eeen assexbled, The suthor supporis the view of
- the above worxzers that in sedimentary processes, Ca/Y ratio
is lower in tho derived shales aﬁd sendstones than in their
scurce(s) (seec Chapter 7), but on the basis of this study,
he also favours the idea of Skinner (1970) that yitriua contents
cannot be used %o indicate 2 sedimentary origin, The use of
+ttriun as an indicator of the preseﬁce of zarret is preferre

It is din L-:hanb vo mention here tﬁaf the striking
guantities of sarnets in these may not be easily atiributed

to the yitriuw content, Some other source(s) must be found,
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Thiz is because garnet is necessarily not present because
yttriun is present in the systen, Also it has not been possible

to distinruish between garnet - bearing and garnet - free rocks

2t 2+

using variation diagrens such as lig Fe - Fel+ triangular

plot of Griffin & Heier (1969), ACP diagraa, or yttrium

coﬁtent, or even Al3+/Fe3+ ratio. This can be due to the

problens of unrepreseﬁuatLVG sanpling since most of the garnet

gneisses and scnists are so heterogeneous that it is almost
imposaible to sample correctly,

In fig. 5.4(a), data from rocks in the two areas studied
are compared with those in ILambert & Holland (1974). The
Supracrusial rocks, p0881b1 net edlmenus, (see later in this
chapter), r»lot in the same field as_o ner Lewisian gneisses, and
Ca/Y ratio decreases with increasing Yy Ca/Y ratio falls as Ca
falls of Lantert & Holland.(op. cit), as mentioned above, In
fig. S5.4(b), the data for the nornblende gneisses (or amphibolites),
are compared with similar rocks from other areas deall with
by Lambert & Hollend (1974).  The hornblende sneisses plot
between 6000 and 1300 Ca/Y ratio and clearly define a trénd
oblique %o the calc-alkaline trend of these workers és
exemplified by the Supracrustal rocks, The trend shown by the
nornblende gneisses therefore suggests a different origin from
~ the other rock types. it cen, however, be said ithat the
nornblende éneisses (amphibolites) &are not 031c~alk°11 Archean

basalts, neitner are they nid - Atlantic type meta-basalts.
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e 541 Loz plot of K(wt. 7%5) vs Rb (ppm) (a2fter Tarney eqbl., 1973)
for the Supracrustal rocks, quarta - feldspathic, mafic and
ultranafic gneisses*in Toindle -~ Scourle reglor A = Poincie

o

assenblzges and B = Scourie assexblages,
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Log plot of K vs Pa for the roecks in Scourie and Fiondle,
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iloch of Scotland (after Lambort & Hal}fnﬁlf
S b,
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5.2 Rare-earth elenents (RIEZ)

FPew accurate dota on REE concentrations in meta-sedinents
are available, The only widely asccepted data are for o
composite of metamorphosed IAS (Horth American élales) and these
have concentrations nearly identical to those of the HNAS of
Haékin eqal. (1968), but anomzlies exist, For exazple:

(1) ileta-sheles are europium enriched to 1.2 times the
value for IAS, This can be due o metambrphism but
the origin of the europium is not known and there is
no evidehce yet to show that a correlation exists
between extent of metamorphisn snd extent of
enrichment of europiwn, | ‘ _

(2) &4lso, Yb>F (z = 70) and Lu’* (z = T1) ave distinctly
depleted in metamorphosed shales (Yb3+, 3,10 = 2,71
ppm); Im >+ (0,48 - 0,41 ppm) as compared with the
IAS (Tud+ by a factor of 0.83), o corresponding
deficiencies in Ybo+ or Lu’® have been found in
the Precambrian sediments (Wilderman & Haskin, 1973).

The REZ distributions in a seriess of progressively

1

metanorphosed pelitic schists from I1,%. liaine have been studied

by Cullers etal. (1973) in order to see if there is any

significent changein REE composition from the greensenist to
amnphibolite Tacics of regional nztamorprism in rocks of rather
restricted najor element composition. Also Rozldset (15375)

anzlysed Precambrian rocks and their phyllosilicates, froa

umedal, Norway, which have been subjected to conditions

[¢)
ot
Py
3]
f)
i
o0
o

terizing the upper greensehist - to lower amphibolifte
fecies of Parrovian metamorphism (cf. Winkler, 19567).

lore work his been done on the REE distributions in shales
snd greywackes than done or metamorphic rocks (Cullers eﬁhla

L)

16973), Composite sauples hove been analyzed for Turopean
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Shales (Haskin & Haskin, 1966; Haskin éyhl. 19683 Hermann,
1976),'Horth American Shﬁles (Haskin & Haskin, 1966; Haskin etpl,
1958), and Russian shales (3alashov eﬁhl 190 Ronov etpl, 19675.
The absolute and relative contents of the REZ in these composite
samnples are éll»quite similar and close to>the a%erﬂﬂe for
igneous rocks in the continental crust (Hermann, 1970). Other
results on individual sémples of shales and greywackes have
been published that are gimilar in relative and absolute RIED
content to the érevious composites (Haskin ethl,, 1966; Haskin
& Gehl, 1962; Vilderman & Haskin, 1973; Vilderman & Condie,
1973,

qu igneoﬁs‘rocks, especially basalts, much work has also
been done, Thoée data which have been chosen for pruposes of
compariscn in this thesis are mentioned as the need arises,

In this study 11 REE (see AppendixIII) have been determined

\n
[@A
)
£
<
o
a\
n
=]

I

I

f rocks which are retrogressed granulites (see

p—j

able 5.1}, and the data obtained are considered sufficient to

determine the over-all distribution patterns in different rock

types. = Discussion is based on possible genetic classification
of the rock types (see Appendix IIIC)in the region studied,

The method iz adopted in order to draw betiter comparisons with

accepted major rock types used by meny previous workers,

Tor determinztion of accuracy, BCR-1 and elemental

standards were analyzed and the RID results for BCR-1 (Table S.3%
ompare well with the resulis from Standard BCn—1 by other
nrevious workers,
RED distribution vatterns for alllthe major rock zroups
are shown in figs. 5.5 to 5.11., Appendix III shows all the
aveilable RTD date, In Tebles ,.ﬁ and 5.5 are the data used

for nlotting all the RET diagrans,
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'5,2.,1 Choice of chondrite - REE data

It is widely accepted that chondritic meteorites are the
best availeble sauples that represent the composition of the
non—volatile elements of the earth as g whole, and they provide
an excellent reference point for a study of chemical
fractionafion since fhey are generally(considered the best available
sourceérof undifferentiated matter (see Haskin & Genl, 19&2),
Although Koljonen and Rosenbers (1974¥ chose REL data for Leedy
(1.6 chogdri%e) because Fakamura & ilasuda (1973) zeported ihat
sone fractionation of REL exists in the chondrites, the author
along wiih many others still prefers to use the Haskin etpl.
(1966) valuss (see.Teble 5.3 column A). I%‘must,be pointed out
that the choice of L6 chondrite by Xoljonen & Rosenberg (1574)
an Hakamura & lasuda {(1973) was aimed ai obtaininé’fine

distribution patterns for their rocks. Furthermore Koljonen &

preferred plotting data on a decimal scale instead of a loz scale,
They, however, accept that concentrations in meteorites,
peridotites and many sediments are better presented on a log

scale, This method has been used in this study.

5.2.2 Hormalization

The o0dd - even variation of REZ concentrations in the rocks
(wnich Tollows Ffrom the Oddo & Harkin's Rule) has been smoothened
out by normalizing each REE concentration in the sample to some

standcrd on en elesment by element basis (see also, Piper, 1574).

?::’

The standards cnosen are the chondrite of Haskin etal; (1365)
Gast’ etlal, (1970), and the FASC of Hasikin etal. (1966).

A procedure for interpretation of terrestial rare-earth
abundance patterns by Coryell ethl. (1973) nas been adopted in

this study. Accordingz to these workers, normalization %o
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Table 5.3. Rare-earth element abundances (p.p.m)
in Chondrite, NASC, and BCR-1 standard

A B C D
>~'rLa 0.30 32 ' égij . 27.7
e 0.84 70  57+2 : .49.6
N 0.58 31 | ‘3312 . 33.6
Sm 0.21 5.7 '7.26;9.2 | 7.3
Ba  0.074  1.24 2.1040.1 1.9
@ 03 sm 6303 5.9
T 0.049  0.85  0.82:0.02 | 1.3
Ho  0.073  1.04  1.410.02 0.9
ﬁm» 0.035  0.50. 0.5339.05 0.5
Yo 0.20 3.10  3.3:0.1 3.3
I  0.051  0.48 o.sfip.o1 | 0.5

" A = Average chrondrite values from Haskin et al.
(1966) & Gast et al. (1970).

B = Average North American Shale Composite (NASC)
from Haskin et al. (1966). '

¢ = Standard BCB-1 (Rey et al. (1970).

D = BCR-1 standard; this woxk.
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Table 5.4. Rare-earth element data (p.p.m. ) for the rocks
- in Scourie - Foindle region i

& & F

s F 8 8 8 F B

E

2 REE
Y

SREE+Y

Eu/Eu*

La/Yb
La/Ce

¢ REE/
< 'HREE

Bu/Eu*

A
B
c
D
E
F
G
H

4 B
43.0  35.0
46.9  57.2
40.4  29.3
8.0 5.1
1.5 1.8
6.2 3.7
1.7 0.8
1.8 1.3
0.9 0.6
3.9 24
0.5 0.5
152.6 139,2
35.1  26.4
187.8  161.7
0.7 -
10.8  14.3
1.0 0.6
25.9

1.7

= Average
= Average
= Average
= Average
= Average

= Basic gneiss,

c
12.7
74.0

18.5

14.2
1.6
6.5
2.5

2.1

0.7
T-1
0.9
259.1

- 19-3.

338.4
0.5
1.7
1.0

14.7

Foindle

D
11.6
37.0
20.6
6.4
1.3
4.8
1.0

1.4

0.3
5.3
0.5
81.0
37.2
118.1
0.5
2.8

0.4

6.6

= is europium enrichment factoxr

E

26.8

335

S 21.2

3.9.
1.0-
1.6
0.8
2.7 -
0.8
3.6
1.1
116.9
33.4
{50;2
62.5
0.9

20.5

= Retrogressed Leuco-gabbro, Scourie

= Meta-pelite?,

Scourie More (Savas

e, pers.

F G
25.0 . 41.4
52.5  19.1
33.4  85.1

7.2 17.4
2.0 3.3
0.3  12.9
o.§ 1.8
0.7 1.3
0.2 -

1.7 2.6
0.5 0.3

123.8  185.3
22.0 235 0

145.8  420.3

0.7 0.6
535 163
0.5 2.2
8.7

30.7

of 5 meta~pelites, Scourie ~ Foindle
of 34 mega-greywackes, Scourie - Foindle
of 4 meta-arkoses, Scourie - Foindle
of 5 Amphibolites, Foindle
of 6 Granitic gneisses, Scourie - Foindle

comm. §977).

22.2

47.2
15.9

3.6
17
4.2
0.7
0.7

3.4
0.6
100.1

1.6
6.4
0.5

9.3



Table 5.5.
1
la 18
- Ce 46
N4 24
‘Sm 6‘5
B 1.07
Ga 64
™ 0.9
Ho  1.21
Tm 0.20
b 2.7
Iu 0.66
1=
2 =
3 =
4 =
5 ==
6 =
7 =
8 =
9 =
10 =
11 =
12 =
13 =

38.3

77 28
25.68
4 9¢
1.20
4 21
0.56

2.53
0.26

2.7
9.55
719
2.34
0.78

. 303

2.10

4
26
53

5

341
31+2

:25 3 12, 240.5

4.2
1.13

3.75

3.75
0.60
0.26

1.55
0.26

2.2440.06
0.5940.02
2.140.3
0.340.01
0.440.02
1.0440.02
0.155+0.003

1971).

.6.
0.3

0.44
0.49

0,20
" 0.059

0 31
0.051
0.081
0.034
0.27
0.05

European Shales (in Wilderman & Haekin, 1973)
Granitic rocks, Finland (Koljonen & Rosenberg, 1974)

Archean basalts. Ely Mimmesota (Bor-ming Jahu et al. 1974)

Wyoming greywackes, Wind River Mountains, Wyoming (Wilderman & Haskin, 1973)
Moodie quartzites, Swaziland system (Wilderman & Haskin, 1973)
Stillwater perldotite (Frey et al.
Mathesa serpentinite (Frey, op.cit)
Granitic pegmatite Siilinjara, Asikkala, Finland (Kolaonen & Rosenberg, 1974%
Rhyolitie voleanic rocks, Central North Island New Zealand (Ewaxt et al 1968
Precambrian granites, Numedal Norway (Elen Roaldset, 1975)

Meta-greywackes, Coutchiching formation, Rainy Lake Ontario (Wilderman & Haskin, 1973)
Rib-Mountain quartzites, Wisconsin (Wilderman & Haskin, op. cit)
Sebastian Sandstone, cretaceous, Oregon (Haskin et al. 1966).

0.42
1.6
0.93

0.27
0.082 -

0.38
0.069

- 0.096

0.045
0.31

0.051

34
€0

28

5.5
0.96

0.65

1.33
0.17

Rare~earth element data (p.p.m.) for rocks used for comparison

28. 4
43.5
18.2
3.5
1.0
4.3
1.15
1.40
0.46
3455

* 40

61

73.75,

5.5

21.93
9.1

26.58
3.55
4.43

18.68

1

44,33
114,67

43.€7
9-40
1.91
"8.53

1.34
1,76

0.87
.38

0.81°

12
8.2

7.7

2.3

0.38
1.50
0.29
0.25
0.12
0.96
0.13

13

26

35
24
4.7
1.0
4.7
0.52
0.54
0.26
1.63
0.24

GzI
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_chondrite compensates for.element to element'irregularities‘
and reveals small relgtive abundance variatibns among'neighbourin;
.rare—eér%ﬁs as_a_?esult of natural processes,

For comparéti&e purposes the REZ abundances have been first
nofmalized to Yb3* and then'to. the average chondrite values‘given
in Table'5.3. AISO'in‘fig, 5.11, thethree major metasedimentary

1,

groups have been normz=lized to IASC (see also Qable 5.3). The
WASC data are thought to be a godd approiiﬁation to average REZ
abundances in the continental érﬁst (Haskin ethal. 1968),

This metnod of normalization, instead of normalizing to
chondrite only as done by manj workers recently, is preferred
pedause the p}ots>obtained give better RED compa;ison diagrams
for the rocks studied, This is because the REE vary systematically

in their chemical properties and this method smoothes fnelr

variations in the rocks.

5.2,3 Elotting of REY data

Ploiting o; concent ration ratios for any sample on log scale
versus atomic number (z), has been adopted because it allows for
direct comparison of its REZ abundance pattern with that &f -

1,

another sample, regardless of absolute concentrations in the

Ead

two rocks, By comparing the RES abundance patterms for samples

of related origin it is possible to trace some of the steps in

the geochenical evolution of the samples.

5.2.4 RIS ratios

»

As shovn in the REE data (see Apperdlx 11T, Teble 5.4),
rare-carth element ratios like $IRZR/4IREE, La/Tb, La/Ce, =2nd
Eu/Eé;have been used in this thesis, ZLRET is the sum of lizht

REE (La to Sm) while £7REZ is the sum of‘heavy i (68 to Tu).

¥ane & Taylor (1976) used the ratio of the ligh% REY to heavy



127

REZ to divide Arcnea1 sediments into Archean and Dost-ﬁrcaean.

In this work, it is used in the samevsense. However, the ratio
can be used.to’estimate the degree of fractionation of light REE
relative to heavy RIZ. The La/Yb ratio has been used also to
estimate the degree of fractionation as did Frey ethl. (1971),
Nance & Taylor (1875), These ratios are mentioned as the

need arises, Zu/Zu* is the europium enrichment factor where

Iu* 1s the europium value relative to chondrite and Yb when there
is no anomaly. The La/Ce ratio can be used to distinguish between
meta-igneous and metasedimentary rocks {see next chapter for

details).

52,5 ¥ & Ri%

Because yttriun and the RET behave so nearly alike
chemically, the absolute concentration of yttrium has been added
to the total REE (4REE) for each-rock analysis., However, the
bulk of the AT and yttrium is still present as trace gquantities

vhen comsared with major elements.

5.2.6 Interpretations of REL data
Because of the extrene variation in the absolute concentration
of REZ in *the rocks studied, interpretation has been possible only
b3 £

by descric*ng the diatribution patterns for rock groups and

compering then vith similar types from other areas as done vy

previous workers. The extreme varialion can perkans be atiridbuted
to metenoxphism, although there is not yel any widely accented

evidence Tor tne sffect oF metamorphism.on REE behaviour,

However, tae author believes that fthe over-all distribution patierus

ity

a

sre not nccesgarily affected. Comparisons as noted above have

favoured this view.
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(1) Retrozressed Leuco - gakbrs

One sanrle called'tha/ultramafic gneiss (L3 113) as a field
naﬁe from Scourie)was analyzed, Already, as reported in tae
chepter 2, tne rock is highly retrogressed so that the original
chemistry is masked by this alteration. In order fo deduce the
parent material, the RIT pattern (fig. 5.5) is fir st coxpared
with those from Ultramafic rocksAby Trey etal. (1971)., Vnile
the ultranafics of Frey etal., (op. cit) are highly depleted in
REZ and have flat patterns, thisvrock is characterized by a

negative europium enomaly (Eu/Zu* = 0,62), and a moderately
high degreec of fractionation (ide“/fHR_ = 8,673 La/Y¥b =
16.25). The petrographic study does not favour the
metasedimentary origin implied by the La/Ce ratio of 2.16. In
order to help in the interpretaticn, the REE pattern for LIS 113
was Turther compared with tnat for a mafic gneiss from Foindle,
‘Apart'frcm enrichment of necdymium (I1¢) in the Ultramafic
gneisé, the two patterns sre ¢a1rlj close. If the major element
and other trace element data are compared with those for gabbro
(see Table 7,10), it cen be said that this rock is a
retrog sed lsuco - gabbro,

(2) Cranitic cneis

EED contents have Desn previously investigated in granitfic
rocks (see Javrilove & Turanskaya, 1958; Balasnov, 1963; Chase
ethl. 1963; Haskin eizl, 1965; Towell eyk 1965; Taylor ethl,

r

1968; Negasawa, 1970; Nagzsewa & Schnefzler, 1971), and high

$

silica and al“wllc velcanic rocks {see Bwars 7 1, 19¢8; Capaldi
etpl, 1972).  According to Koljonen and Rosenberg (1974), the
behaviour of RET in graanitic vocks moy be summarized as follows:i-

(a) TDurins meznatic diffesrentiation the coutent increases

end in gronites 1t is nearly fthree times That in
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(b) Lignht REE from La to Sm are enriched compared with
heavy ones from G4 to Iu’

(c) EuroPiumldiffers from the other REE in having the
possible valency of +2 (ionic radius 1.09A) as well.
as +3. Under natural conditions, it may also
partially separate from the other REE and be
incorporated in place of Ca (ionic redius 0.994) into
common rock - forming minerals, especially plagioclase.
It is also enriched in arorthosites and other ca -
rich magmatic differentiates and is depleted in
granites | |

(a) ‘Ce may oxidize to gett

From fig. 5.6 there is no obvious europium anomaly. A
high degree of fractionation is evident from the LREE/ HREE
average value of 20.5; Lq/Yb average ratio of 62.5. Although
the rhyolitic %olcanic rocks of New Zealand (Table 5.5 column 9
are not lower in the total abundance than the averagé Scourie -
Foindle granitic gneiss (Table 5.4 column E), they have a
lower La/Yb ratio (7.97) and lower $LREE (1.79). Limited
fractionation of the lighter REE hazﬂﬁﬁzn noted in rhyolitic
voleanic rocks by Ewart et al. (1968). It seems therefore that
'the quartz -~ feldspathic gneisses now re-classified as granitic
gneisses are not of rhyolitic origin.

The Ia/Ce ratio isl0.9 but it cannot be used, in this case, to
deduce the origin of these gneissés. The REE distribution patterns
in fig. 5.9 showing rocks considered to be meta~greywackes are
similar with those in fig. 5.6 and this coﬁld suggest that the

meta~-greywackes are derived from the granitic gneisses, and not

from rhyolitic volcanics.

(3) Amphibolites

In fig. 5.7, the REE distribution pattern from an average
y P



o - 130
of 5 analyses from the umphlbolites of r01nd1e is compared

with the equivalent pattern for average Archean basalt,.xinnesota.
There are mzny data on RTJ distribution patierns in basalis
(e.s Haskin etppl., 1968), but the Ilinnesota basalt has been
'Chosen‘because the rocks from P01rd1e are also Archean (see
chapter‘1). Vilderman & Haskin \1973) in their work on the
rare-ez ftq's in Precazbrian sediments noted that except for Eu,
the relative abundances of the RIS at the earth's surface
appear to have remained constant over the past 3 billion years,
They, however, also noted that pernaps metamorﬁhic processes
could alter the relative Ty &bundances.  The diagrams-in fig.
5.7 show that the ¢01ndle amphibolites are enriched in Zu Dy
a factor of 1.4 relative to the Liinnesota basalty althougzn
both are characterized by awnega%ive europium anomaly (EBu/Bu*

= 0,5, ﬁinnesota; Eu/Tu* 6,5, Foindle), Also there is a

.

Foindle amphibolifes as is ezpected in Archean

S
ks

flat rattern
basalt such as the Minnesota type but displaced surely because

of higher absolute boncentrations (i.e there is slight fractionation
of lléhter REZ (avera;e QLRBE/fﬁRuH = 6,65 average La/Yb = 3.8).
Since the two distribution patterns are similar it can be said

that the Amphibolites are comparableswith Archean basalts,

Frey ethl. (1971) noted that the enrichment of basalts in the

L ,
light RTE is not solely a result of contamination by continental

crﬁst. They further‘noted tnat the enricmment in llgnt ¥Au
characieristic of the crust appears o be a result of mantle
proqesees that form crustal materizal, Ffom the limited dzta
available in this work, it is not pessible to attribﬁte the
light RS enrichment in the FPoindle amphibolites to any specific
process,

Condie (1976) showed %the existence of two major types of

Archean tholeiites; depleted Archean tholeiite (DAT)
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Ac....a = Scourie ultramafic gneiss
- - Foindle mafic gneiss
+ = Stillwater peridotite
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D o——o0 = Bushveld pyroxenite
E o— ——. = Mathesa serpentinite
e Yb = Normalized point for all rock types
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Tige D5 Rere-earth couparison diagrams for the Scourie ultramafic gneiss (A); Fiondle mafic gneiss
(B); Stillwater peridotite (C); Bushveld pyroxenite (D); and ilathesa serpentinite (Frey :

etal.,, 1971.
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ROCK /CHONDRITE

20

50—,
404 B

10 -

A - ———a = Quartz . feldspathic gneiss, Foindle . Scourie

e = @ranitic rocks, Finland

C o———o0 = Rhyolitic volcanic rocks, Ceniral North Island, New Zealand
304 Do— 5 = Granitic pegmatite, Siilinjarvi, Asikkala, Finland

------- - = Precambrian granites, Numedal, Norway

oYb = Normalized point for all rock types

Piz. 5.6

Rare~carth comparison diagrams for the Foindle - Scourie Quartz - feldspathic (or granitic)
gneiss (A)3 Granitic rocks, Finland (B) (Koljonen & Rosenberg, 1974)3 Rhyolitic volecanic
rocks, Ccntral Horth Islond, New Zealand (C), (iwart et:l. 19¢8); Granitic poj mavite,
Tinland (D) {(Xoljonen & Rosenberg, 1974); and Pre cambrian grenites, Tumedal forveay (i)

(lozldset, 1975).
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A= Foindle amphibolites _
B = Average Archaean basalts, Ely, Minnesota
eYb= Normalized point for all rock types

Fig. 5.7 QRare-earth comparigon diagrams for Foindle Amphibolites (A), and Average Archean basalt (B),

‘Ely, liinnesota (Bor - Ming etal,, 1974)._
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Ae——s Foindle.Scourie metapelites
Ba---a North American shales -
Co.....n European shales
| o Dx-—-x Scourie More metapelite -
Eo""~~-o. , : | . Eo--—o Foindle mafic gneiss

- ® Normalized point for
Yb all rock types

‘Rock /Chondrite

‘Tig, t3.8 Rare-earth comparison diagrans for’}?oindle ~ Scourie meta—-pelites'(}-\); Precambrian North
Americen Shales (B‘);‘ Buropean Shales (C) (Haskin etal, 1968); and Scourie Hore meta~-pelite?

(D), (Bavage, pers. comm. 1877)3 and Ba}éic (or I‘nafic) gnoiss, Foindle (E),

Per
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A = Foindle . Scourie metagreywackes

B = Wyoming greywackes, Wind River Mountains

C = Metagreywackes, Coutchiching Formation, Rainylake, Ontario
eYb = Normalized point for all rock types N

Pige 5.9 Rare-earth comparison diagrams for the Foindle - Scourie meta—greywdckes (A);~Wyomihg
. greywackes, Wind River NMountains (B), (VWilderman & Haskin, 1973); and lletagreyvackes,

Coutchiching Formation, Rainy Lake, Ontario (C) (VWilderman & iaskin, 1973).
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Rock /Chondrile

Ao Foindle quartzitic gneiss
| - Ba--a Moodie's quartzites, Swaziland system
C+--+ Rib Mountain quartzites, Wisconsin

- .
10 . Do—o Sebastian Sandstone ,Oregon
i g"\ ‘Eo—o Quartz-feldspathic gneiss, Foindle-Scourie
A Ny © Yb Normalized point for all rock types
C+d, |
1
0 l 1 | ) I { i I 1 1 }
La Ce Nd Sm Eu Gd Tb Hoe Tm Yb Lu
Fige 5.10 Rare-carth comparison diagrmms for TFoindle quartzitic gneiss (or meta—arkose/_impure

quartzite) (A); Moodie's quartzites (B), Swaziland systemy S. Africa; Rib - lountain

Quartzites (C), Wisconsin (Wilderman & Haskin, 1973); Sebastain Samstone (D), Orcgon (Haskin
etal, 1966); and Quartz - feldspathic (or gramitic) gnéiss (E), Foindle - Scourie, \Hn '
_ _ o

1
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Fige 5411 Plots of Foindle - Scourie meta-pelites (A), meta-arkoses/impure quartzites (B), and

meta-greywackes (C) normalized to the North American Shales Composite (NASC) of Haskin

etal, (1966),

LeT
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characterized by flat REE distribution (e.g Minnesota type)

and uenerally low LIL (larbe - ion -~ lltnophlle) element
contents, and enriched Archean tholeilte (?AT) characterlzed

by REE patterns some what enriched in light REE and IIL elements.
‘The REE distribution pattern for TFoindle amphlbolltes suggests

that they may be of the TAT type.

(4) Heta-pelites ' -

The REZD distribution patterns for the average of 5
meta-pelites from Scourie and Foindle, the Precambrian lortn
Americzn Shale, Turopean Shales, and the Scourie Iiore meta-pelite
are shown in fig, 5.82. But for the =-ve Ce anomaly in the
meta-pelites from Scourie and Foindle, all the distribution
patterns are similar, The -ve cerium is attributed to the
high factor of 4,4 for chondrite when the cerium concentration
is normzlized to that ofyﬁtterbrium. Thne average concentration
for La, be{ Nd in the meta-pelites are very close (40 - 47 ppz)
so that the effect ef the chondrite faeter;(4.4) will be mos%t
pronounced in the neormalization of .cerium (sample) to cerium
(chondrite)'and it will result in %the -ve Ce anomaly, These
meta-pelites nave a negative europium anomaly (Eu/ﬁu* = 0.67)
while the Scourie liore meta—pelite;has a2 poslitive eurozium
anomalg (Bu/Zu* = 1,6).  The author trinks txat the 4ve
“europium anomaly in‘the Scourie iore meta-pelite may rossikly
be due to 1ocal,aecumulation of feldspar curing sedlmeitation}

or even npetamorpaisn, 1t however 1m_11es Bu2+ was nore

+ - v g R e
3 and that conditions vwere reducing during of

stable than Su

the processes,
A1l the rocks show very sinmilar desrees of fractlenation.

The degree of fractionation of lizat 282 to NASC (Ia/Yb - 10.32)

is quite close to that of the Scourie - Foindle mefa-pell

(La/Yb + 10,83 § “”“fi'”““ = 11.7). Hewever, the average Yb
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in these metapelites is 3,9 ppm which is vefy close to 3,10 ppm in
the HASC, The slight increase .in tne La/Yb ratio in the
meta—pelités isldue to the greater abundance of lanthenium
{average, 43,0 ppn1 in TPoindle - Scourie meta-pelites;. 32 ppnm

in the 17TASC), The average La/Ce ratioc of 1,0 confirms a
(=] .

m ’

sedimentary origin, E (fige

i

.8) is the distriovution pattern
for Basic zneisgs, Toindle, It compares well with the other

patterns but it 1is more enriched in REE (absolute concentrations),

34 analyses (see Appendix IIIC) of intermediate and acid
rocks in the Foindle and Scourie areas, which after comparison

.

with typical greywacke composition of Condie (1367) and Pettijomn
eﬂhl. (1973) have been averaged and plotted in Tig. 5.9; The
‘REE Aistribution pattern ebtained is compared with Wyoming
greywackes, and Meta—greywéckes of Coutchiching formation., The
three patterns are very close, . This implies possible sedimentary
origin for the Foindle and Scourie rocks, They are characterized
by a high degree of fractionation (average Ta/Yb = 14,33 {1338/
$ERZE = 25.9). The averagevLa/Ce ratio is 0,5 and this also
suggests sedimentary origin.

{6) Ieta-arioses/Impure Quartzitss

’

The high S5i0p valucs (average 80,8575) for the quartzitic

le 4,24) sugzests that these rocks could have

a3
ol
o
|
w
]
@
0
Pl
w
D
@
3
o
c

becn cherté or meta-arizoses or feldspathic sandstgnes prior 4o
mebanorphisn under zsranulite facies éonditioﬁs. In fiz. 5.10,
the dsitribution pattern from average quartzitic gnelsses,

now refedred $o as meta~arkoses/iripure quartzites (ses next
chapter for more details) in Foindle, is cémpared with those

o

from rocks of thot class fyrom other arcas analyzed by previous
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workers, But for the -ve cerium .anomaly, the pattern from

Eﬁéselrocks natches gquite dloéelj those for quartziteé or
sendstones.fron other areas. . It has earlier been stated that
Cel+ may oxidize to Ce’*, Tt is therefore possible that this
oxidafion, which is possible in granitic rocks (ses Koljnén &
Rosenbers, ?9?%},Mresu1ted in trais anomaly, provided that the
grénites are_perhaps the source & +the meta-arkoses/impure
quartzites, A negative europium eromaly is obvious (Zu/Zu* =
0.5), The moderately high.aegrée of fractionation of light
REE relative Vo heavy RID is @eéuced from average La/Yb = 11.7
and average iiREE/{HREE - 147,

In oxder to consider further a possible source of the
meta;arkoses/impure'quartziﬁ s, the average granitic gneiss
from Foindle is plotted in comparison, Again, with fhe
exception of the -ve cerium anomaly, their distribution patierns

s no obvious ne

1=

are similar, Howaver, there

anomaly in the graniiic gneiss, as already mentioned earlier,

and positive ceriwsm anomaly can be said to exist for same rocke.

Table 5.4 column C shows that the average concentration for ILa,
Ce, Md are very close (72.7, T4.0, 73.5 ppm respectively) so

that the -ve cerium ancmaly is probably a result of normalization

a3

nrocedure,  This case has earlier been noted in the meta-pelites.

ot seem that the ~ve cerium anomaly is due to

D

4]
&

-

It

It therefcire éoe

oo

its oxidation to Celt, If the granitic gneisses are the. source

i)

of tae meta~arkose/impure quartzites and their distribution
pattern does not show this anomalous fealure, then the -ve

cerium anomaly may be either due to metasomaiisn or ﬁormalization
effect,

The La/Ce ratio is always 0,8 and this azain sugsesis a

sedimentary orizin.
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S5¢2sT Bummery of RET geochemistry -
b 14

Compared with the orth American Shales Composite (IiASC)
of Haskin e?hl. (1966), the meta-arkoses/impure quartzites are
enriched in REE, the meta-pelites are normal, while the
neta-greywacies are depleted in Light REE (seec fig. 5.11). The
degree of eﬁrichment increases from mete~greywackes (by a factor
of 0,92) throusgh meta-pelites (by a factor of 1,01), to
meta-arkoses/impure quartzites (by a factor of 1.72). It is
possible that the depletion in Light RTE fbr the meta-greywvackes
wasd due to the processes of initiai meltinz of the mantle material
that gave rise to the mafic magmas, The factor of 1.01 for the
meta~-pelites shows that there is no over-all enrichment in them
relative to the NASC, This supports the view of mapy previous
’workers that REE distribution is not affected by metamorphism,

Relative to chondrite, all rocks are enriched in RZIE with
the degree of enrichment increasing from Amphiboiites (factor
of 30;10), throﬁgh granitic gneisses (factor of 43,44), Basic
gnelss (factor of 51.8), meta-pelites (factor of 56,71),
Retrogressed - leuco gabbro (factor of 68,83) to meta-arkoses/
impure quartzites (factor of 96,32), This enrichment is
expected of crustal rocks,

Genefgily, the rocks studied have rare-earth patterns
characterized by

(2) Light rare-earth element enrichment -

(b) Slignht europium anomzly or in most cases,; suropiux
depletion. These fectures are also characteristic
of Post - Archean sedimentary rocks {see l{ance &
Taylor, 1976 pp. 227). The “ve europiw: anomsly
in the Scourie More nmeta-pelite is attributed Yo
local accummulation of feldspar or even sugzests

the rock is Arcihean ii the views of llance & Taylor



I42
(op.cit) are accepted.

(¢} Varyinz degress of heavy rare~earth element depletion,
It can be tentatively concluded fthat the REX distribution
patterns have provided a reliable means distinguishing between

v

gedinentary and nagmetic orizgins for the rocks studied, Other -
paran1eteré that can heip in this discrimination are treated in
the next chrapter.

Beacause of the gxtreme variation of REE contents, the

$LREZ/$HRTE ratio may be preferred to the La/Yb ratio as a means

of estimating the degree of fractionation in the various rocks,

L&}

If one accepts the use of the

atio, as in Nance & Taylor (1276)
then the rocks studied are the boundary between Archean and
Post-~ Archean in age.

The data obtained and sumerized in Appendix IiI show that
the content and distribution of the REZ in the Foindle and Scourie
rocks, might have beén influenced by various geological features,
such as primary compositions of the rock, mineralogical and
geochemipal changes during metamorphism and, possibly, leaching
and adsorption processes during weathering. Occurrences of
high REZ conient in the rocks indicéte that the REE are concentrated
in minerals like amphibole, epidote, garmnet, apatite, or spheﬁe.
The REE data¥also sup-ort the view of Roaldsel (1375) that there
~ could have been the possibility of an sxtensive adsofption of
REE ions oA\micaceous minerals during metazmorphism and weathering

processcs,
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CHAPTIR 6 :

RECLASSIPICATION OF THE ROCK TVPES 0N BASIS

OF OVIR&ALL GROCIIEIIISTRY

641 Introduetion

Sé for it 5as been shovm that the rocks studied 2re of igneous
or sedimehtaryvorigin. For the meta-igneous rocks, classification
’in%o groups is not difficult, but for the metasedimentéry rocks,
this is not the case beczuse, as already reported in caapter 2;
these rocks are more heterogcneous and they have been more
‘affected by the secondary alterationi metanorprisn and weathering.

REX distriﬁution patterns have been used in the preceding
‘chapter to confiram the original nabture of the rocks in Foindle
and Scourie, In this chapter, other chemical parameters will

-

be used to support the conclusions drawn from the REE geochemistry,

used by various previous workers to distinguish rocks of either
magnatic or sedimentary origin, and have been found useful in
this study, =re listed below:-

(A) @Tizzli values

ti - (al-2lk) (figs. 5,14 & 6.24)

%i - g (figs. 6.13 & 5.2B)

Zr = (2l-2lk] (figse. 6.34 & 0.44)
(2l-2li) - mg (figs. 6.54 & 6.E4)

Ni - mg (Tigs. 6.53, 6.63, 6.78)
Cr - ng (£izs. 6.5C, 6.6C, 6.74)
mg - C (fiz. 6.9)

al - si (fis. 6.94)

fa - si {fig. 6.QB)

(al-alk) - ¢ (fig. 6,90C)

Cr - TI0p .(fig, 6,10
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(B) Iriancular dircrons '
Tormative Qtz - Ab - Or (fig. 6.11)
Normative Or - Ab - An (£ig. 6.12)

1730 - Cal - Alp02 (fige 5.13)

(C) ajor elecent comnositions & ormative Corundunm
(1) Hormative corundua, C (C 5%; C 1045, C 503)
(2) 1g0 Cal; Xp0 Hanld
(3) 1g0 vs Si02

fig. 6.14
Ca0 vs SiO2
(D) Discriminsnt functions
{(Z) Trace Zleuents

Also, it has been shown by the WA diagran (fig. 4,1) in

canpter 4 that rocks in the Foindle - Scourie areas may represent

three initial negmatic series - calc—-alking, alkaline and

tholeiitic, Th

istinguish between tren.

O

e following diagrans have furiher been used to

Greater emphasis is laid on

meta~igneous (chiefly, the Amphibolites)

Ti (1072) - Zr - Sr (0.5)

(107%) = gr - ¥ (x3)

T4
Ti0p - K20 - P05

Ti (ppm) - Zr (pp=

- S5i02

Nao0 + K20
Yb (ppa) = g0 (wt.95)
‘Cen/Ybn - Yb

In the resv of

sumnarize the use of the above

paraneters to either

(fige 6.15)

(fig.

€.16)

(fige 6.17)

(fig. 6.,13)
(fig. 6.19)
" (fig. 6.20)

6.21)

tae chapter, an attenpt will be nade to

named variation diagrans and

distinguish between ortho - and para-
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3

gneisses or cale-alkaline series from tholeiitic suites.

A persistent proklen in tasement complexes and migmatitic

.

terrains is to distinguish magmatic quartz - feldspat e gr- sses
of'granitic composition from those formed by.recrjsualllzuulon or
netasomatisn of pelite, senl-“CWite or arkose. Generally very

uniform gneiss bodies were probably igneous originally, but

layereﬂ sneisses could reflect original sedimentary vurlatﬂona in
an arkosic rock, mebamorphic differentiation in a metamorphosed
magmatic or sedimentary rock, or metamorphosed sediments
injeéted by intrusive igneous layers, Sometimes, the field
evidence m2y be dia-nostic (Van De Kanp eﬂal. 1976). Kroner
(1971) and Schwarcz (1962) described acid metasedimentary rocks
with interlayered mica schist that were originally shale and
proposed thai normally in sandstone deposits, sands have
intercalated shales or siltstones and this assemblage when
netamorphosed yields acisd gneisses interlayered with garnet -~
bearing banis or bands with other typical pelitfe minerals which
meta;igneous rocks would generally laék. Van De Kamp eyhl.
(1976), however, stated that feldspathization of alumina - rich
pelitic 1a<éfs iz common in migmatitic complexes and then reliance
- may have to be on chemical 'finger prints!' of the original malerial,
Horaative gquariz is lower in neta-igneous récks, than in
neta-arzoses, Although the mobility of quartz in metamorghic and -
migmatitic rocks can make some changes in the proportion of

quartz, siliceous sediments generally preserve thelr identity

up to thehighest srades of metamorpaism below partial melting

ct
N
.

(Van De Kamp ethl; op.
Taherefore, apart from any Tield evi ence, possible cqcmlcal
means nust be found to identify the origin of the guartz -

”feldsbauhiC'rnei% es (mainiy Sumrauvwst 1lg) in the areas studied.
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Two methods have been found useful in this study, namely:- .

(a) to identify any characteristic abundence patterns or
chemical curiosities that indicate sedimentary or
igneous. rocks especially any that are unlikely to te
significantly chanzed by metamorphism, =nd

(b) to apply phéracteristic trends of-chemical variation,
especially trends based on immobile slements (e.z not
alkali), markedly distinet from the variation pattern
found is magnatic granites

Figs., 6.1 to 6,10 are variation diagrams sometimes used to

discriminate ortho-sneisses and para-gneisses, The use of trace
element abundances or ratios isrdiscussedvin section 5.6,
Ti is particularly associated with clay miﬁerals and nicas,

and shﬁws marked positive correlation with al-alk in fig, 6,24
fér the metasediments and a fairly negative correlation in fig,
6.1A (meta-izneous rocks). Van De Kéﬁp eqél. (1375, pp. 206)
- state that although Al, Na, and K all enter both feldspars and
‘sheet silicates, Ti enters sheet silicates in substantial
amounts put hardly at all into feldspars s§ that a characteristic
feature of most sediments that coﬁtain detrital micas and clay
minerals is a marked positive correlation of Ti and al-alk.

| There is no significant relationship between Higgli mg
< and ti (fig. 6.13 or fig, 0.2B), especially for the granitic
gneiss, or ﬁi or Cr (figs. 5.63, 6.66). A pbsitive correlatibn,
expected in besic igncous rocks, is éhgwn in the Eiggli nz ve Ni

- n

or Cr plots (fizs, 6.52 & 6,5C) for the meta-igneous rocks.

N

The al-alk vs m; plot {fiz. 6.5.) shous positivg
correlation for the meta-igneous rocks, znd negative correlation
for the netasediments (Lig. G.64), Tne negative correlation of
al-alk with Nigsli mg, considering the higher §i, Cr, Zn, or Ti

in meta~pelites which asve on the average, a lower mg than the
‘ E 3 *
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meta~-arkoses, nmeta~-greywackes, indicates that Fe, lig, ¥i, dr,
Zn and Ti were not added in basi& rock detritus (waich would
give higher IIi with higher Ag‘and lower al~alk), Van De
Kamp eqal. (1976) state thzt tnese elements nay be witnin the
clay minerals and were probably removed from suspension or
solution b” the clay - minerals, altnough fthelr ultimate source
vas éissclved basic igneous roci,

A positive correlation in the Zn - nmg plot in fig. 6.43B,
especially for the meta-igneous is interesting. Since Zinc
is dominantly carriéd in clay mineralis, the values in
neta-pelites are consistently higher than most of the
meta~arkoses or me‘ta-—g,rejwaclfes. The meta~igneous 'rocks show
a negative correlation (fig. 6.33B). )

The Zr vs al-alk plots (fig. 6.34) for‘me’c‘a-ilgnéo‘us rocks
show no significent relationship but in the equivalent diagran
(fig. 6,4A) the metasediments, especially the meta-arkoses, show
a negative correlation. Although Zr nmay be present in clay
minerals (cf, Hicolls & Loring, 1962), it can also be present in
major amo; nits in other phases, eSpecially detrital zircon.

ThetLeake (1964, fig. 1) disgram has been modified slightly
in fig. 6.8, waich is the_Higgli‘mg - ¢ for the Supracrustal
rocks {(4) and meta~ignsous rocks (B) in Poindle and Scoufle.

The amphitolites (hornblende gneisses) follow the igneous

trend in fig. 6.83. The quartzo - feldspathic ;/neisses foirly
Tollow =z trend which can be said to be igneous, In fiz. 6.8A,
the Supracrustal rociks 21l plot between typiéal pelite and
sine pelite field and igneous trend boundary, and follow tae
sedimentary trend, These rocks also plot in the fields of
shales, Wyoding and Vosges greywackes of Batyanarayana ethl,
(1974). It must, however, be said that the plot of mg againgt

¢ can suffer from the llnltatlop than ignecus series nay only



\ 148
be truely identified if an extreme range of mg values is
avéilable because of the possitle overlap of the two trends,

In most_stndies_of amphibélites? including +this work (see also
Leake, 1964 ; Gomes e*?al. 19543 Park, 15663 Tlliot & Cowan, 1266),
the range of composition found has been such that this plot
-can.be ambigious,

Amphibolites may be eituer pars - or ortho-gneisses and
figs. 6,9, B, C are plots of Migsli values after Zvans % Leake
(1960) wnd Leake (1964) used to classify the Foindle amphibolites.
Para~-amphibolite (calc-silicate rock) of Chowdhar: eﬂal, (1571)
and ortho-émphibolite (Dasﬁ, 1967) nave been shovm in comnarlson.
The Xarco dolerite is also siovm. Clearly the amphibolites from
Foindle follow the Xaroo dolerite irend and plot in tae ortho-
amphibolite area of Dash {op. cit); A metasonatic or:sedimentar"
origih is therefore unlikely for these rocks,

Leake (1364) used some chem’cal variation trends as a
basis for dlSulngulSAin? between'ortho - and para~amphibolites.
Some of the most useful ploté-were Cr against Higzli mg or
Ti02 (vit. %) an& Hi ageinst Niggli mg or Tibg (vite %)e Also
éower & Par: (1359) used chemical evidence bnsed on variation of
Cr, Ni, Ti02 and Tiggli mg (cf, Leake, 1964) to suzgest an
igneous origin for Gairloch basites. Tigs. 6.7 & 6.10 are Cr
and 71 vs ﬁiggli 3 3n; Cr & Hi vs Ti02 respsciively for the
Fpindle ﬂmpa¢uollues. Comparison is zlso drawm between $ae
two amphibol;te groups frem tae Lewisian. Tz, 6.7 shows an
expected rositive trend while‘in fig. 5.10 & nezative trend is
obvious 2150, Tnese trends are similar Co $hose I“od the
Gairioci smphibelites, Al are distinct trends expected Irom

basic ilzneous rocCksS.

6.3  Triensular dizsrans

The use of ACF, ALY, normative Qtz =~ Or -~ AL or normotive



149

-

Or ~ Ab - An diagrams in distinguishing between ortho - and -
para~zneisges is well knovn and needs no description nere,
Piz. 6,11 and £iz. 6,12 are nornative Q%z - Or -~ Ab (fo” supposed
granitic systen only) and normative Or - Ab - An diagraus -
respeciively for rocks in Loth arezs studied, The ortho - and
pafa-éneisscs are clearly ceporated by dashed lines, The
para —;nelsses scatter very widely znd show no tendency to cluster
near a wninimum melting position in fig. 5.11.

Leyrelaup eﬂal. (1377) used the g0 - Cal - A1263 diazram
(fiz. 6.13) to distinguish tetween netasedimentary and
neta~igneous rocks from the French liassif Central, Here, i1t
is used in the Bame sense, Clearly the field of magnatic rocks
is quite different from that of the metasedimentary rocks, The
ﬁetasedimentary rocks plot close to Alp03 apex as is expected,
The zmphibolites plot in the basalt field.(shaded area) of
Leyreloup ethl, (op. cit), It can be said that the diagran
is reliable for descriminating ortho-amphibolites and
metae~pelites, or retrogressed Leuco - gabbro and meta-pelites,
For intermediate and zcid rocks, the dlagram cannot be used wiih
cervainty. There is clearly an overlap between granitic rocks.
‘and meta-arkoses. It seems the diagranm is controlled by &gilica
and elumins, Therefore, since during retrogression, Alo03
decreases wita increasing Si0p, and vice versa, this diagran
mey be unre % cle for in terﬂealate and acid rocks: gl and

Ca0 being oxides of refacvo” elexnents are relatively
== .

unaffected by mevemorphic processes.

6.4 Vaior elexent commositions &t Hormetive Corundun & Quartez

Y

Dietrien {1260) used the Na/XK ratio to distinzuish between
rtho - and para-gneissec,  As slrcody mentioned earlier

(Crapter 4), the Ma/f ratio cannet be used to diseriminate

“d
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netasedimentary and metaw-igneous rocks in the present situation,
Normative corundun is useful but not conclusive, As seen in
Table 6.2, the avercge normative.corundum vslues for the
netasedinentary rocks range from 1,725 in the meta-arkoses to
6,005 in meta-pelites, The averagelnérmative corundua value
of 1,57% in granitic gneisses is attributed to‘poséible lecching
of soda which mignat have occurred during the process of
refrogression or weathering and led %to excess alumina and silica,
Corundum and quartz would then be released and therefore appear
in the norms of the granitic rocks, None of the other meta—igneoﬁs
rock bypes are corundum normative,
As metamorphnism in the rezion has resulted in partial or
complete recrystallizétion of the original rocks, chemical
criteria (llason, 1966), summarized below, may be used %o
establish the sedimentary origin of metamorphosed rocks:-
(a) excess alumina; which appears as C (corundum) when
the norm is calculzted, '
C > 5% = sedimentary origin is suspected
C ) 104 - sedimentary orizin is plmost certain

(b) VKZO % Hap0 and 1ig0 Y Ca0 - characteristic of
argillaceous rocks especially those containing
appreciable amounts of illite and montmorilloqite.

(e) very high SiO2 (wt. %) content i,e about 805 Silp

or 50 normative Quartz (Q) for sandsfone or cnerty

rocks especizlly, . |
Normative corundum values for %the metasedimentary rocks in the
region under discussion range from 0,16% in meta-greywackes to
a value of 8,2% in meta~pelites, It can best be said that
their sedimentary origin is suspected if ilason's (op. cit)
criterion (&) is va2lid. In eriterion (b), K20> Nas0 cannot

be applied as already mentioned, Alsofﬁﬁf} Cal must be used
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with extreme caution knowing fully well'thzt basic and

ultrabasic rocks have high Iig0 that most times are greater

than their Cal, Criterion (¢) is the most relicble and should
be, because highly siliceous rocks tend to fesist any secondary
alteration like metamorphiém. HNormative Quartz values suggest
2 sandstone or chert origin for the Quartzitic gnelsses (now
me%a-arkoses/impure quartzites), REE data (chapier 5) sugsest
sandstone origin,

The féirly positive trends in IIgd vs SiOp or Cal vs S5i02
plots in fig. %.14 (A & B) for the amphibolites are characteristic
of Precambrian meta-igneoﬁs bodies, ‘The trend in the amphibolites

- ;ﬁay bé due to changes in the activities of Fe and Si (§Fe0, m3102).

Blliot & Cowan (1965) dizided the dolleinden amphibolites
into two groups on the ba isrqf texture. One group is massive
and coéfse grained while fhe other is schistose. They established
that the massive group has a’significantly lovier oxidation

“ratio (cf, Chinner, 1960) -than the schistose group, and by
comparison with the oxidation rétios of other groups of intrusive
and extrusive rocks, ccncluded that the schistose amphibolites
represented extrusive, and the massive amphibolites intrusive
rocks respectively, Although the Foindle amphibolites are
essentially schistose in texture, it is unlikely that variations
in the oxidation ratic in these amphibolites at least, could be

) .

correlated with the mode of origin of the rocks, since it could

e due to differences in their subseguent history as already

sugsested in chapter 4,

6.5 Discriminent functions

The origin of amphibolites is one of the most controversizl
and faseinating problems in metamerphic peirolecy.’ In spite of

5,

the fact that a large number of researchers hove investizated these
>
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controversial rock types, the net result does not appear to be very
different from the views of Yoder (Wilcox & Poldervazrt, 1958,
P 1324)'that under equilibriug con@itions ortho - and
para~amphibolites would be indistinguishable if held at sane
temperature and pressure, lost investigators have reéognised,
at‘least.in principle, three processes by waich rocks of
amphibolite composition'and mineralogy might be produced i.e
(1) meta-;gneous, (2) meta-sedimentary, and (3) metasomztic
(Orvillé, 1969), The field observations show the ubiquitous
nature of the amphibolites in metamorphic terraines (e.g region
under discussion) therefore require complete understanding of
their origin to intexprete the geologic history of the rocks
with which they are associated. llajor element composition
of the amp@ibolites is not enough to distinguish between para -
and ortho-agdphibolites, Shaw & Kudo's (f965)Adiscriminant
functions hzave been tested for the purposevof splitting the
the amphibolites into ortho -~ and para ~ groups, The trace
elenent funcitions (X4 & Xp) offthese authors are not useful
because Co and Sc, the most importent elements in these
discriminant functions wvere not determined in this project.

The probability of mis classification is 5.7% in the major

element discriminant function X3 (X3 = 7.071 log Ti02 + 1.91

log Al203 - 3.291 log Fep03 + 8.48 log FeO + 297 log ImO +

4.81 log g0 + 7,81 log Cal + 3.92 log Po0s + O.1é log (02

- 15,08) and this method has been adopted in the test.‘ According

to Shaw & Xudo (op. cit) the most effective oxides for discrimination
are Tibg, Fe0, and P205 (oxides of comparatively-immobile'
elements).v COp was not determined and as its amount is

expected to be very smzll, it is omitted from the calculation

of X3, The values of X3 obtained are showm below:-

Sample o X3 value
30 T+ 0032
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31 - 0,56
32 -+ 0,185
34 + 4,0139
56 + 14961

But for a negligible negative X3 value in one sample, X3 shows
definite positive values that implies the samples are optho-
amphibolites. This sunzests thatv their compositions are
of basic igneous tyre. This view is-in aupport of the findings
ffom figs, 6.8 2nd 6,9, It must, however, be mentioned that
any roék unit made up chiefly of hornblende,‘with a subordinate
amount -of plagioclase, whatever its owvigin may bte, will-
approximate to a basaltic €omposition. The compositional field
for the two - phase assemblage, hornblende - plagioclase, closely
tnimies!? the’composition field of basic igneous rocks (Orville,
19£9), lletasediments have basaltic source rocks will give
the same end composition and therefore, mey not be very clearly
differentiated from the basic rocks on basis of chemical
compositioﬁ alone. Evans & Leake (129560) believe that the @i,
Co and Cr contents of the paraéamphibolites are lower than for
tie ortho—amphibolifes. The nezative X3 discriminent value in sauple
31 implies sedimentary origin (cf, Shaw & Kudo, 1965), Its Nii
end Cr values are higher than the other amphibolites waich have
heen rezarded as ortho-zmphibolites akbove, If the view of
Evans & Leake (1960) is accepied, tnis rock is not 2
para-anznibolite, it is, 1owevér, possible that the predominance
of basic rocks rich in these elements in the source area of ﬁhe
sediments can give rise to para—amphibdlites;

In ordér to further distinguish between possibié'ortho -
and para-gneisses, analyses from all rocks were plotted against
the modified Larsen Index (Si/3 + X - Ca -~ lig wt, §) of Shaw

(1972). Super position of the fgneous and sedimentary rock



, 172
composition fields ylelded numerous dicgrams (not showm in

this thegis) that s qgeét %haf theFLarsen Index is not for
rocks from the Scourie = Foindle region. The same problenm
has also been encountered using the author's DF discrinminant
’function (DF = 10,44 = 0,21 Si02 - 0,32 TFep03 (total iron) -
0,98 1ig0 + 0,55 (Cal + 1,46 Nay0 + 0,54 K20), This is

attributed to the elfects of metasometisxs on initial composition

of the rocks,

.6 Trace element sbundances snd ratiocs

Thorium abundances nay distingulsh between amphibolites
derived fromn pelites znd those from baslic igneous rocks.
Thorium abundances after Clark etal, (13606) and Van De Kam

(1968) are summarized below:-

Ilean Th (ppm) . Range
Basic igneous rocks 2.7 0.1 - 10
tCommon shales! 12 2 - a7
Carbonates | 1.7 01 = Tu0
Ortho-amphibolites 2,7 B 2 -~ 16
Para-ezriphnibolites 4,50 ‘ 2 -8

The data froam Foindle amphibolites (Table 6.4) are not
close to the mean or within the range for para-amphibolites of
Clarke efal, (196€) and V&ﬁ De Kamp (1968)s  The 0.5 épm for
the basic gneiss and 9.30 ppr for the retrogressed Leuco -~
gabbro are witiain the values for basic igneous rociks of these
authors, althouzgh tiere is a slizht bit of overlap on ‘their data,
The nmeta-pelite averazes and ranges frozm this study are also
within their linits for comon shales,

Ba is less abundant on the average, in the amphibolites fhan
in the other rock types (sée Table 6.4). Thgametasedimcnts have
a wide ranze of values, This kind of vafiatiqﬁ in pelites has

also been reported by Shaw (1956), Spencer (1966), The mean Ba
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content in pelites (700 ppm, Taylor 1965), is much higher

3

than in the auphibolites (averasze, 203 ppm) probably as a
result of the covariance of Ba and X (ef, Gunn, 196%), It
would seem that Ba does not help {0 solve the amphibolite
problemn,

Cr and Ni have mean abundances and ranges shown in Table
6.4 for all rock types, Those for amphibolites, basic zneiss,
and retrogressed leuco - gabbro are in the range for rvasic.
igneous rocks, especially the higher values.’ These, considered
wvith the Niggli mg values that are guite cloée to those from
meta—belites, could sugcest that the mete~pelites were derived
from the basic igneous materials,

Vanadium has approximately siniler distribution in-
amphibolites, basic gneiss, retrogressed Leuco - gabbro and
meta-pelites, The means and ranges as shovn in Teble 6.4
are typical of basic igneous rocks, The meta-pelites (average,
187 ppm) contain considerably more Vanadium than the mean of
130 ppm for shales (Taylor, 1965), The sheles analyzed by .
Spencer (1966) contain upto 887 ppm V and in those rocks V
values covering most of the range of amphibolite values,
Therefore, vanadium is not a certain indicator of sedimentary
origin,

Zinc is distrivuted rather similerly in basic igneous
rocks, shales, intermediate and acid rocks. For the
amphibolites, this similarity means that Zn content is of little
value in determining their possible origin, However, it:is
possible that zinc may have been added to the rocks
metasomatically,

Copper is not useful as an identifier of origins, as it
has wide, over-lapping ranges of abundance in meta~pclites,

basic, intermediate and acid igneous rocks,



178

Yttrium is similar to Copper as an identifier, Ho .

v

sjétematic variation of zinc, copper, vanadium or yitrium with
any other variables cén be es#ablished. Zirconium values

(i.e for amphibolites, meta-pelites, basic gneiss) are typical
of those found in baslic igneous %ocks and pelites. and hence are
also not usefui indicators of origin.

Rb/Sr ratios can be useful indicators of rock origins as
inferfed from the datza of Faure & Turley (1963). Basic izneous
’rocks generally have rgtios well below 0,15 and the raftios in
shales ére about C.B or highgr (averaze meta-pelites, 0,64),

The amphibolites have an average Rb/Sr ratio of 0,02 with

a ranze (0,01 to 0.,0%), The ratio for the basic gneiss is 0,07,
ééra-amphibolites should have higher Rb/St ratioé than these

(ef, Van De Xemp, 1953), Even the K - rich amphibolite

(L¥B 56) has Rb/Sr ratio of 0,06 that is still low, The majority
of the values are quite low and are similar to basic igneous

rock values, Higher rabios are recorded in fhe metasediments
(see Taﬁ;e Gad)e

Plots X against Rb are aiso useful in determining ﬁe
identity of the parent rocks of améhibolites. ' Fiz, 7.2 saows
that mqst'of the amphibolites are of igneous oOrigin and have the
same'trendAaS'oceanic tholeiite, The K -~ rich amphibolite
_(LUB 563 X,0 = 0.735) plots near tne pelite ares, owing to
the well knéwn covariance of Rb and K,

The déta on the abundances of rare-eartﬁ elenents (REZD)
presented by Haskin gyhl. (1966) indicate that certain of
these elements might be useful in determining the parentaze of
metamorphic rocks, For amphibolites, where it is desired to
separate those derived from basic igneous rocks from those
derived from pelitic rocks, the ratio of La tb Ce is useful.

Ia/Ce ratio is generally above 0,4 for sedimentary rocks and
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below 0.4 for basic igneous rocks, Mixtures of pelite and
carbonate that might produce amphibolite would generally have
La/Ce ratio over 0.4 (Van De Kamp, 1968), The La/Ce ratios
(average & range) for all rocis analyzed are shown in Table 6.5,
The values for amphivolite anl basic gneiss are within the

values expccted for basic igneous rocks, ﬁigher ratios are

common with the metasediments (much > 0.40), with highest

values in she neta-arkose, One problem of interest is %he average
value of 0,9 for the granitic_gneiss. It would seex that the
La/Ce ratio does not help to distinguish granitic gneiss fron

the meta-srkose,

6.7 Discrinination of magme itypes

REE_geochémistry shows that the PFoindle amphibolites
were basalts prior to metamorphism ét granulite facieg and
reasion that followed later, In order to establish
the type of basalt, Pearce & Cann (1973) diagrams (figs. €.15,
5,16, 6,13) have been plotied, These authors used such
dizgrams to discriminate the tecionic setting of basic volecanic
rocks usin; trace element z2nalyses, 3 groups of basallis were
established by them namely; ocean floor basalis, low - K

tholeiites, and cale-alkali basaltis, All diagroms show

that the amphibolites plot close to, but not in the low-K

i

b

noleiites field, It is likely that this is due to tiae

fiects of nmctzssomatisa, In the light of the present datz,

[+))

these diagroms must be used with caution sinpe they have not
helped to establisih the type of basalt., = The authors theuselves
accept that they do not yet stznd the test for use in
Precaabrian volcznics, 2nd thnereiore must be used with greatl
caution.; Pearce etbl; k1975) aiso used thne Ti0p - Kp0 ~ P05

diagram (fig. 6.17) to ddistinguish tetwesn oceanic and



Table 6.1 Mujor element compositions (averages and ranges) for rocks
{re-classified) in Foindle and Scourie

sio

Ti0,

Al_O

Fezo3

FeO L

MnO
MgO
Ccao

Nazo

oxidation
Ratio
reo,x/?eotongo

Ca0/AL 293

Na/K

# No significant change,

META~IGNEQUS ROCKS

META-SEDIMENTARY ROCKS

Retro- Basic Amphibolite
gressed gneiss

Leuco~
gabbro
(s)
Ave, Range
49,10«
40.85 52.84 51,07 sz2,71
0.41-
2423 0.70 1,14 2.12
12,79-
17.06 15.98 14.77 16.05
1.05-
1,59 1.72 2.88 4.08
B.d4-
15.10 6.72 11.69 17.30
. 0.18~
0.25 0.17 0,22 0.26
4.19-
7.02 4.11 5.57 8.68
: 7.77=-
10.64 11.00 8.72 9.89
1.69=
1.16 2,18 2.81 3.30
C.28~
1,04 2,14 0.44 0,73
0,07~
0.83 0:32 0.16 0,29
«0,30-
Q.00 1.49 0.54 2.05
#*
0.0s 0,06 0.07
10.07-

8.65 18.70 17.41 19.94

0,52«
0,70 0.66 0,71 0.e4

0.53=

0.62 0.69 0,59 0.67

3.16-
1.00  0.90 6,13 7,70

Granitic
gneiss
(6)
Ave, Range
64.25-
71.42 77449
0.04-
0,24 0.61
11.37-
13.81 15,32
0.01-
0.23 0.45
0.77~
2,37 4.49
0.01-
0.11 0,40
0.44-
1.25 2,93
1.03-
3,16 5.51
2,29=
4.28 5.98
0.23-
1.89 6,06
0.03=-
0,07 0.12
0.52=-
0.92 2.17
0.04~
0.07 0,11
1,15~
8.92 14,87
0.31-
0.61 0,74
4 0,08~
0.23 0.37
X 0,34~
5.62 16,11

Meta~pelite
(5)

Aye, Range
54.21=

55,47 56.89
0.51=-

0,85 1.17
12,23«

16.91 21.29
: 0,08~
0.86 3.23
7468+

10,42 l6.28
0.13-

0.19 0.26
2.68~

3,87 S.38
1.77«
3.45 6.04 |
0.I10-

2.29 5.00
0.63~=

2,47 - 4.11
0,02~

0.15 0.29
0,67~

1.79 3.93
0,03«

0.08 0.13
0,87=

5.04 15,15
0,59~

0,73 0.83
0,08~

0.21 0,40
0.14~

0.72 1.53

Meta~ -
greywacke
(34) y
Aye, Range
) 60,1%9-
67.69 78.28
0.12-
0.50 0,76
9.21«
15.38 19,53
0,01~
0,23 0.76
0,44~
3.62 6.88
0,01~
0.07 0,17’
0.02=-
1.84 3.58
0.08=-
3.29 5.31
0.58=-
3.41 4.55
. 0,22-
2.52 8.19
) 0.03~
0,15 0.39
T D.24=
0.95 = 2.06
0.02-
0.09 0.34
0,70~
5,32 18.37
©.46~
0.65 0.85
. Q.01~
0.21 0.41
0,06w
2.32 17.81

Mata-
arkose

(4)

Ave.

80.85

0.11

9.80

0.94

1.38

0.11

0.49

1.89

1.60

1.94

0.03

0.86

0.05

2.28

0. 73

0.20

‘0.81

Range

78.94~
81.76

9.14~
10.04

0.01-
0.08

©.50~
1.15

0.03~
0.28

‘021'
0.68

1.17=-
2.82

1.33-
.78

1e19-
2.82

0.53~
1.05

‘0.E9~-
3,47

0.70=-
0.76

0.09-
0.31

0.56=-
l.22

Figures in brackets show no. of analyses
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Table 6.2. CIPW Norms (averages and ranges) for rocks re-classified
in Foindle and Scourie

Co

Ox

Pl

Ab

Hy

My

Il

Ap

bi

22

META~-IGNEQUS ROCKS META - SEDIMENTARY ROCKS
Retro- Basic Amphibolité Granitic Meta-pelite Meta-greywacke Meta-arkose
gressed gneiss gneiss - .
Leuco~
gabbro (5} (6) (5) (34 )
Ave, ; Range Ave. Range Ave, Range Ave. Range Ave, Range
- 0,79~ 16.82- 0.80- 4,53~ 55,59«
3.99 3.03 7.03 29.25 44.45 12,23 32.36 26.39 49.30 58.32 61.09
- - - - #* 4,25~ 016~ 0,42
1.57 6,00 B.24 1.91 4,33 1.72 4.29
1.65~ 1436~ 3,72~ 1.30~ : 8.04-
6.15 12,65 2.59 4,31 11.18 - 35.81 14.58 24.29 14.20 48B.40 11.43 16.66
40,79~ 24,23~ 9.43- 17.16% 19.49-
48.09 45,94 50,14 .55.21 48.76 59.59 34.84 50.86 44.01 60.15 22.67 26.81
14.30- 19.38~ 0.85=- 4.91 11.25
9,82 18.45 23.74 27.95 37.02 50,60 | 19.34 42.31 29,27 43,75 13.52 15.06
24.02=- 4,85~ 8,55~ Odld~ 4,27«
38.27 27,50 26.41 28,38 11.74 17.30 15.49% 25.15 14.72 23.95 9.15 13.79
18,09- 2,52 19.31- 0.73- 1.76-
0.5 10,07 23.09 30.81 S5.64 11.00 26,72 29.47 10.10 17.20 3.77 7.38
T el.52 0.01! < 0.2 0,06~ 0.01~
2.31 2.49 4.18 6.96 0.33 0.65 1.25 4.68 0.33 1.10 0.05 0.12
0.08= 0.97~ 0.12~ 0,08~ *
4.24 1.33 2.17 4.03 0.45 l.16 1.62 2.22 0.91 1.90 0.21
0.,17= 0.17=- 0,17~ 0.07~ *
1.97 0.76 0.38 0.69 0,16 U.28 0.36 0,69 0.41 2.54 0.07
. 8,66~ 2,14~ »* 1.57 - -
7.59 20,66 13.20 17,99 3.48 764 2.68 3.58 6.21
26.97 - - - - - - - - - - -

No significant change.

Figures

in brackets show no. of analyses.
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Table 6.3, Niggli'values (averages and ranges) for rocks (re-classified) in Foindle and Scourie

al

£fm

a/k

. si

mg

qz

META-IGNEOUS ROCKS

META-SEDIMENTARY ROCKS

Retro-

Basic

gressed gneiss

Leuco-
gabbro

21.06

51.32

23.88

3.74

85.57

<4.88
-34.80
'31.13
9.19
139.58

0.39

0.46

+ 2483

Amphibolite
(5)
Ave, Range
:17.85~
21.01 23.18
46.28"
49,18 58,13
19.22-
22.54 . 24,51
4.30-
726 8.49
116.28~
123.24 130.33
0,07
0.10 0,16
0.25«
0.41 0.62
(~0.93) -
«5.79  (=9.45)

Granitic

gneiss

(6)

Ave.

32.13

20.44

17.03

27.44

377.73

0.19

0.45

+177.28 +349.38

" Range

"5.47-
47,861

8.03=[

30,57

6. 55-
25.35

16,67~
36.12

230.50-
489.88

0.01~-
0.64

0s38=
0,51

+63.83-

Meta-pelite
(5)
Ave. Range
22,91«
30.45 39.52
33.31"
46.81 69,48
6,03~
11.19 19.34
1-59-
1l1.56 21.13
162,45-
169.60 180.81
0.32«
0.51 0.81
O. 26"
0.39 0.55
{(-13.19) -
+30,07 +74,47 -

Meta~greywacke
(34)
Ave, Range
31.76-
38.34 54.67
3.48-
24,27 45.38
0,61~
14.20 26,90
13.76-
22,02 41.23
190.55-
208.81 545.63
{ . 0.03-
0.31 0.54
0.06~-
0,45 0.68
{+10.80)~

Meta-arkose
(4)
Ave., Range
39,96~
46.39 51.87
. 8.489-
15.18 25.51
8.55=-
15.74 24,72
15.60=~
22,70 30,90
. . 524,26~
651.34 711.96
0.32-
0.41 0.51
G,32
0.37 0.42
+361.86

+218.0 +460,57

+496.52

Figures in brackets show no.”of analyses.

+115.55
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Table 6.4s XRF trace element coupositions, p.p.m. (averages and rangaes) for xoc
in Foindle and Scourie

ks (re-classified)

META-IGNEOUS ROCKS

META-SBDIMENTARY ROCKS

Cr
Nt
Rb

Sr

2x

™

K/&v

K/5x

Rh/5r
Ba/Rb
Ba/Sr

[-T¥ ¢

Retros
gressed gneiss
leuco~-
gabbzo -

44 152
313 67
4% 23
3067 340
235 22
178 33
[ 1

[ a
1093 89
1020 a
936 178
194 k42
2.8 52
2.4 20
0.02 9.07
8.9 40
0,13 2.6
323 3600

(s

Ave.
59

26

194
37

151

134

236
as03

23

0.0v2
250
2.5

2849

:
Basic Amphibolite

Range

23-
94

15= |
34

le
109=
240

1le
o9

13-
196

9l=

1-

57-
188

1
13

220~
318

888=
7653

13-
57

9=
67

0.0le
0.06

39w
167

O 7=
8.2

els
6429

Granitic
gnaise

(8)-.,

Avee
25

1

Range

a-
93

-l

28

2o
84

99=
506

154

" Yle

13

27

517

‘54

23

0.13

27

1.9

4945

294

113~
11

2-
11

ibe
138

4=
23

6~
81

237~
789

10~
p¥:}

13-
40

0,05«
O.28

10- "

.6l

Qe 7=
5.0

162~
8190

.91

ie7 .
519
378
22

.04

7.4

894

Meta-pelite
(5}
Ave, Range
M-, .
208 405
- 15«
103 300
B«
47 113
3.
313 582
21w
3as 71
L A9
173 273
84
9 1s
2«
° 1s
6l=
167 254

2«
236

103~
285

304
6635

33~
1526

14«
30

0.06=
2.3

10=
39

1.9~

24.7

348«
2102

Mata=greywackes
{34)
Ave, Range
3-
51 294 .°
ELy
26 116
3
42 124
39-
407 763
1=
a7 203
' R1-
234 622
T 6Se
4 15~
1
4 15
s 14=
80 256
. LYY
29 213
£
65 155
196«
580 1588
&=
99 1124
3=
a3 55
0.,01l=
0,22 2,80
G-
43 344
-
3 12
53=

4208 . 40000

Mota-arkose
R
Ave. Range
[
7 10
o
16 11
33«
43 50
* [-Tvs
89 119
. 32~
;1] 117
209«
2329 248
640«
903 io2e
r
10 14
: 20~
T 402 59
6=
10 18
4«
& 7
226-
3 513
178«
259 460
10-
18 23
0,40+
0.50 0.80
13
z2 31
[ 28
11 14
72~
238 412

¥igures in brackets show no. of snaiyses

¢8I



MCTA=IGNEQUS RUCKS ) HETA = SEDInENTARY ROCKS
Retro= Basic Asphibolite Granitia Heta-pelite Mota-groywacke Mata-arkose
gressede gnaiss gneies - R
Lauco N
gabbro {s) (2] (s) {34) (4)
Ave. Range Ave. Range Avea. Ranogae Ave. Range Avg. Ranage
Ls 10,2~ ‘dua3= . 21,2 «17.5~ 89,7
. 41.4 25.0 11.6 16.8 26.8 61.7 43,0 68.5 35.0 61.6 °  72.7 110,6
Ce 12,7« 3.6~ 24,5~ 10,3~ 38.8-
19.1 52.5 37.0 79.6 it 1% 46.9 46.9 67, 87.2 166.5 74.0 $6.3
Nd . 8.2 1.2- 17,2+ 1.7- 5.2-
85:1  33.4 20.6 - 57.4 21,3 0.3 40.4 68.8 &9,3  74.5 T8.5 124,.2
Sa 4,5 0,3~ 3.6 0.5- 5.2~
17.4 7.3 6.4 9.2 3.9 13.1 8.0 1241 5.1 13.8 14.2 22.4
Bu Ordm - 0.8~ CeDw 1.3-
3.3 2.0 1.3 1.6 1.0 1.5 2,0 1.8 8.4 e 1.9
' .
Gd 276~ 0,3~ 2,9~ 0. 4= 2,7«
12.9 0.3 4.9 7.8 1.6 3.7 6.2 9.7 3.7 18.3 6.3 13.4
Tb * [ 3¢ T [+1% ¥ Qo b= O.l» 0.6«
1.8 0.9 1.0 1.7 0.8 3.3 1.7 2.4 0.8 2.9 2.% ‘4.0
Ho 0.7~ . Qod~ led= 0.2« Qato=
1.3 0.7 1.4 2.9 2.7 4.9 1.8 2.4 1.3 Le5 2.2 3.2
™™ Q.= 0.2- 0.3« 0.3 0.0-
- 0.2 0.3 0.5 0.8 2.1 Q.9 2.0 0.6 2.9 0,7 2.2
v . 13w 0.2~ Zo4e 0.1- 2.6~
2.6 1.7 3.3 6.0 8.6 13.4 2.9 4.9 2.4 22.5 7.1 i0.8
Lu 0,1« 0.2 0.3
. vl o3= G- O.48=
0.3 0.3 0.5 0,7 1.1 2.0 0.3 0.7 0.5 3.2 Q.9 1.5
ZRen 40,8
» 8= £3,3-~ 84.4= 38,0~ 138,6-
163,3 123.8 81.0 131.7 116.9 229,9 152.6 1%8.7 339.2 332.7 2359.1 376.2
¥ 10,9~ 2.1 37.2
. ) od~ o d= 42,6 170, 6=
33, .22 87.3 ) 48,6 334 152.5 35.1 71.4 20644 107.2 79.3 116.8:
SREReY . .
& 51e7» 55.4= 101, 6=~ 42, 6= 170.6-
420.3 14548 128.1 167.8 150.2 ) A82.4 187.8 264.8 261.7 439.9 338.4 493.0
La/Yb 2.8 4.7
8= .7 8.7~ 0.7 -840-
153 15.3 3.8 5.0 62.5 127.2 10.8 13.9 14.3 433.5 1.7 18.8
LRESR 35,3 7.7 '
o= . «7= T6.6= 30, 129.7-
183,11 116.0 68.3 119.3 10036 200,.1 i38.3 i8l1.7 128,232 2066.4 239.3 353.4
HREB . Sel= 1.9
o= Gedlem 2,0 7eOm
18.8 3.9 312 19.1 ?.5 25,6 32,7 21 .4 Ba2 36,5 18.2 28.5
LREE/ MRER 3.4 7.9
alde ° G 8e2m 1.0= 77~
Be7 30.7 6.6 11.2 20,5 49.4 1.7 i8.6 25.%  112.4 14.7 16,5
Bu/Buw (-2} 0.7 0.5%0 - - a0 0s7 - - - %]
La/Ce Q.2 )
13 sl Q.= Qo2« : 0.8~
2.2 Q.5 Cod OeS T D9 1.2 1,0 .16 0.6 1.7 3.2 1.3

# No significant change

Table 6.5. HREE compositions, p.p.m. (averages and ranges) for rocks
(re-classiried) in Fnindle and Scourie

Fioures in brackota show no. of analyses.

81
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Table 6.6. Average chemical compositions of selected
sedimentary and igneous rocks for comparison.

A B c S ) E F
' 510, 78.70  70.00  66.70  58.90  89.90  50.83
TiO2 0.25 0.25 0.60 0.78 0.20 2.03
A1203 4.80 8.20 13:.50 16.70 "3.70 14.07
Fep0, 1.10 2.50 1.60  2.80 2.30 2.88
CFeO  0.30 1.50 3.50 3,70 nd . 9.00
M0 0.03 0.06 0.10 0.09 0.10 - 0.18
Mg0 1.20 1.90 2.10 2.60 0.50- -~ 6.34
Ca0 5.50  4.30 2.50 2.20 0.30 10.42
Na20 0.45 0.58 2.90 1.60 0.70 2.23
K,0 1.30 2.10 2.00 3.60 0.70 10.82
B0+ 1.30 3.00 - 240 5.00 1.20 - 0.91
P205 0.08 0.10 0.20 0.16 0.90 0.23
A = Sandstones; average of 253 by Clarke (1924)
B = Sandstones, from platforms; average of 3700 by Vinagradov
& Ronov (1956) ,
C = Greywackes, average of 61 determinations by Pettijohn (1957)
D = Shales from platforms; average of 6800 by Vinagradov
‘ . & Ronov (1956) ,
E = Cherts; average of 10 by Cressman (1962)

= Tholeiitic basalts; average of 137.(after_Nockolds, 1954).

n.d. = Not determined
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non~oceanic basaltis, Althougn they state that majority of
analyses of Archcan meta—baéalts froa Precambrian Shield =orens
should fall within the/oceanic basalt field, the plots of the
FPoindle amphibolites do not show this, Potash metasomatisn
established in chapters 4 & 7, must have given risec. %o this.
Tae diagrsom aust thercfore be used with great caution in such

-2 situation.

‘The total alkalis GEI Kng vs S5i0p, diagran of
acDonald & Tatsura (1964} shovn in Fig. 6.12 clearlﬁ favour
%holeiitic type for the anphibolites from Toindle, This is
agreenent with the ¥IA diagran (fig.A4.1) and the ¥ - Rb plot
(fig. T.2), Also %he aveiare‘amphibolite (see Tatle €.1)
compares well with the average of 137 tholeiitic baszlts (after
Wockolds, 1954) in Table 6,6 column F.

Thé authoxr Supports-tne view 6f Robinson & Lezke {1975)
otal iron as Fel, I = 1g0)
diagrans should not te used to deduce origin of highly

mebtanorphosed ~neisces 2nd gquaritz -~ feldspathic rocks taat
Y z i

nmight be meta-azrioses, ueta-granites or meta-volcanic rocks,

ed on AFL dizgrams

<t

4), Sedinentary rock series when plot

Y3

" partly mimic trends generally comsidered characteristic of

izneous variation, especially the calec-azlkaline trend. Although

the scaticr in sedimentar rock plots is generally greater than

tuat given by igneous rocks this is not necessarily so, for

cale~alkzline suites often show consideradble scatiter,
Hawkesworth & O0'nions (1977), in their study of saue

Archesn volcanic rocks from South Africa used Cen/Ybn vs Yon

pra v8 9 11g0 diasgrons to distinguish bevween calcwaliazline

elitlc suites,. In fig., ©.20 the two magma sulles are
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clearly sepuratsd by the dashed line, This distinetion hag
also becn done with the ¥.: diagram in fig. 4.1, Tig, 6.21
is the Cen/Ybn vs Ybn disgranm of these authors tested with
the Foindie - Jcourie rocks, - On this diagran, tne tholeiitic
rocks exhibit a flat-lying positive correlation, while the
calc—alkaline rocks disnlay e steep - negative trend. The
samne features were obtained for the South African rocks of

Hawkeswortih & O'nions (op. cit),

6.8 Summary

Use of different chenical paramelers and variation diagrams
confirms that in Scourie and Foindle, the rocks studied are of
neta~igneous and meta-sedimentary type, in support of the
findings from the RED geochenistry discussed in the preceding
Chapter, Nedther the chémical-parameferS‘or the variation

diagrang, however, zive umanbiguous evidence as to the precise

e p

type of igneous or metaseéimentary parent for the rocks studied,
BlUmel & Schreyer (1977) used AFﬁ (4 = 100 (A1p03 - K0

- Nap0 ~ Ca0)/Al503 - %20 - Fap0 - Cal + FeO + ligd), M = 100 g0/

(iig0 + Te0), F = 10C - 1I) diegram to show the positions for

TIr

the. average sreywackes and average shales (after Vedepohl,

ot

9). g, 6,22 is the same diagram used to show fields of

(o))

19

the Scouris -~ Foindle netasedinents,. The rocixs which have been

re-classified as meta-greywackes or meta-pelites (based on REE
data discussed in chapter 5 and a2fter comparison with rocks in

Teble 5.2 and Tebles 7.7 to 7.70) plotv very close to the average

greyvackes and averase shales of Vedepohl (op. cit),_altnougb

L
[N
fete

they cluster nsar the AP axis, The shift to the AF 5 is
likely %o be a metasomatic effsct. If these rocks are now
accepted to be metasediments of meta-pelite, meta-greywacke,

and meta-zrkose types, their chenical data for different
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groups are shovn in the Appendieces IIC and IIIC, A1l the

averages and ranges for chenicel data are showm in Tables 6o
to 6.5, laps 3 &' 4 (pocket of thesis) are the lithological
maps of Scourie and Foindle areas repgpectively based on this

re~clagsification.
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CIHAPTER S 9

GOUERAL TISCUSSICH OF GIITESIS AND

HIETALVIORPHT SH

Tel Introduction

It should now be clear that meny of the Supracrustals,
other than the amphibolites, are metazscdiments, If tais is
the case, then ihe rocks studied in the rezion comprise a
nmetasedimentary and a meta-igneous (basic to acid in composition)
series, Chemicszl and petrographic evidence combined with field
relations indicate that these formerly granulite facies rocks
have been regidnally retrozressed, In this chapter, other
chemical evidence (zpart Trom REE) will be used to disclés the

1orphisn

source of the metasediments, and the refrograde met:
that affected all rocks from both areas studied. ILater a
swaarry of chronological events in the region based on field
relations and geochemistry will be given, Sugzestions
resulting from this study are also given at the end of the

chapter,

Te?2 Problen of mizmatization

The X~Rb data do not permit an unequivocal choice between
i

Y

[¢]8

anatectic meliting and metenorphic differentiation as a nmechanism

the wmignetitic gneisses (Davies, 1974) rezarded as

L

of origin o
tBanded acid gneisses in this study. Availlabize data o not

tablisa thesc gneisses as genuine

15

enable the author to e
migmatites. In the case of netanorpnic differentiation, the
observed distribution of X and RBb courld hove arisen directly by
diffusion of these lons inio their preferred mineralozical «
environnents, XK being relatively concentrated in the feldspat

portions and Eb in thelr biotite porbiocas. Vhite (1
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argued for metamorphic differentiation in the case of

migmatites from the Palner regioﬁ;South.Australia, n the basis
of the distribution of ¥, Rb and Ba. The date from this study
are not sufficient to take sides. The entire issue is even
further complicated by the intensive deformation that occurred
in the region studied. Hence, it is difficult to attrifute

the inter~banding in some zacid zneisses to anatecting melting,

metanorphic differentiation or deformation,

Te3  Genesis

The presence of Supracrustal (metasedimentary or meta
voleanic) horizons in granulite terraigg is not uncommon.
This might suggest burizl to great depths wiitn ?rograde
metamorphisn of the whole conmplex to graﬁulite facies (Tarney
& VWindley, 1977). lany such supracrustalvhofiZOns are tectonic
intercalations (licGregor, 1973). These views cénnot be
~dispuved on the basis of this study. However,_in'%his section
of the chapter an attempt is made to favour derivation from
an igneous source, perhaps intrusive rocks for the sediments,

The association of volcanics and carbonates in
assemblageé formed 1200 - 1300 m.y ago (Silver & TLuabers, 13965)
provides en example of widespread extrusive igneous activity at
the same time as limestonés were being deposited, Certain
areas of soutn-west Pacific Ocean (e.g Truk) may provide
modern examples of a similar environment. Van De Kamp (1976)
suzzested that the depositional environmeﬁt of the
pre-metamorphic rocks may have been a submarine shelf -~ area
in which limestone was deposited, He further stated that
volcanics occurred at the saxne tine and forme& extrusi?e tuff
deposits interbeddéd with the limestone,

Davies (1974) recognized calc~zilicate gneiss in the
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area east of Foindle, Barooah (1970) also reported the same rbck
type to the south-east of Scourie, If these ident;fications |
are accepted, it is then worth considering the possibility that
some of the Supracrustal rocks could be derived from volcanic
rocks, since the comuon association of possible volcanics
and carbonates, as mentioned above, is indicated, Unfortunately,
no ceale-silicate rocks hzve been recognized in the.region studied.
Sutton & Vatson (1951)andZBeéch (1974, however, recognized;
sﬁch rocks in the eastern part of Foindle, ~Although REE
abundaﬁces can te affected by secondary processes (metamq:phic
or sedimentary), the values from the Supracrustal rocks
(excepting the amphibolites) are high when ;;mpared with what
are expected from volcanics, and are close to values from
sediments, Also, their rere-ezrth distribution patterns
indicate that their progenitors are probably igneous rocks
similar in composition with the associated intrusives studied,
Chowdhary (1971 in his study of zircen populations - in
Lewisian quartzites, gneiss and granife, north of Loch Laxford,
noted that
(f) in intrusive granitic rocks, the majority of the
zircons are normally in the form of erhedral grains
(Poléervaart, 1956 pp. 532)
(2) in meny sedimentary rocks, the majority of zircons
will be rounded with elongabtion meximez at less than
2 (Roldervaart, 1950; pp. S5T4; 1955, pp. 433), and
(3) zircon, Lteing one of the most refractory minerals,
will not reedily recrystallize during metamorphism
(Poldervaart, 1952).
As already noted in the conclusions from tue pebrozraphic study
(Chepter 3, section 3.4 (ej, the occurrence of zircon as an

accessory ineral in the Supracrustal rocks is interesting,
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and deserves some'mgntion. Zircon crystals are rounded and
elonzated, a fofm waich suz 'ests sedimentary origin (cf.
Chowdhary, 1971). The rounding—could have resulted either
from regrowtn of sedimentary grains during metamorphisa
(cf..Dalziel, 1963) or rounding of euhedral zirccns‘by
,metagbrphic'proces;es (Kalsbeck & Zwart, 1957). A study of
zircon populztions in these rocks would help to make a choice,
This has not been done in this study, and therefore it is
impossible to sccount for this, The eléngéte (i.e overzrowths
and outgrowths of Poldervacrt & Eckelménn, 1955) zircon crystals
could be due to reérystallization.

Zircon crystals nave been observed in sandstones by
Poldervaart (1955), and in Ronaquartzites in the Inner Hebrides by
Bowes eﬂal. (197€). Barooah (1570) also reported iircon as one

of the accessory minerals in his study of south-ecst Scourie,
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gneisses examined in this study. Derivation from either chert or
sandstone cznnot easily be establisihed, This has been discussed
in Chapter 6.
Origin of zircon 1s of siznificance in a consideration
of the age of the Supracrustal rocks (now metasediments). Bowes
-eqal. (1976) concluded from their study of Archean quartzite,
Rona, Inner Hebrides as Tollows:-—
(a) thnere was crustal meterial in existence in the
Scottisn reglon before the development o the
Lewisian Complex, and
(b) some of this material was at the surface and subject
to erosion at the tinle of the development of at least
some of tne crust - building pile that immediately-
preceded the Scourian episode. Data from the present

vork tend to favour the existence of the Supracrusto
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rocks prior to the developuent of intrusive igneous
series, It is often said that.g?anulite facies rocks
are dominintly of igneous'derivatiom (es5. Kylesku
group south of Scourie; see Bowes etal., 19713 Sheraton,
1969, 1%, therefo:e, seens that the Supracrustal rocks
are granulite facles rocks derived from essentially
igneous m&terials{

There is no lat enrichment such as is commonly seen in
rocks lilke greywackes froz: voleanics, Snrichment of Ha® by
alteration is commonly observed in vecleanic éediments of .this
type (cf. Pettijohn eth. 1973), Heta~grg;yackes are the most-
abundant sedimentary roeck in thé region and deserve some mention.
Furthermore, trace element distributions in Archean greywackes
are better known then in other sediments (Condie, 1976, pp. 401),
Detailed studies of greywacke provenance have been made in
Wyoming (Condie, 1987; Wilderman & Condie, 1973), and of the
Pig. Tree Group in the Barberton belt of South Africa (Condie
e?bl. 19703 VWilderman & Condie, 1973). Condie (1976) used
the chondrite - normelized trzce element concentrations for
Wyoming greywacke to discuss their possible source. He listed
three possible sources namely:e

(a) granitic - gneiss terrain, by weathering and erosion .

(b) voleanic terrain, and

(¢) mixed volcaniec and granitic terrain,

The REZ patterns discussed in chapter 5 suzgest that the
meta-greywackes wefe probably derived fron graritic gneiss,

This is in support of alternative (a) above which has been shown
by Condie (1976) to dominate in some areas like Vyoming, -

TLarbert & Holland (1974) showed that in sedimentary
processes, the Ca/Y ratio becomes lower in sheles and sandstones

than in their source rocks, Lelow is a summary of the average
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Ca/Y ratios for all rocks studiedie

leta-pelite . 893, 51
Meta;greywacke 4208,00
Bagic gneiss 360C,00
lleta~arkose 235,11
Amphibolite 2849,84
Granitic gneiss 4944,64

In this thesis, it has been emphasized that fhe metésediments wefe
derived from igneous rock parents, probably chemically similar
to the{igneous sheets associated with metasediments in the
region studied -~ the meta—pelites from basic bodies, and the
meﬁa—greywackes and meta-arkoses from granitic gneisses, The
above data also favour this view and therefore sedimemtary
processes are a likely mechanisn, The 100 ng - ¢ - (al-alk)
dizgran in fig. 7.1 illustrates the igneous trend of the Karoo
dolerite and the trends to be expected'for pelite - carbonate
mixtures, from Leake (1964). | The meta-igneous rocks all follow
the igneous trend, The metasediments als¢ plot in the same
field as the greywackes of Satyanarayana eﬂal. (1974) i.e between
igneous and sedimentary fields. This means that both igneous

¥
and sedimentary materials have been mixed, But for a few
overlapping cases, especially in the quartz - feldspathictgneisses,
the metasedimentary rocks plot to the right of the associated
igneous series, The diagram, however, sufiers one ambiguity.
It does not clearly show the source of the sediments, It,
however, shows that the present rocks have resulied from mixing
of pelite and semi-pelite, aqd basic igneous material, It
however, clearly shows that the amphibolites are a mefa-basic
rock, Since no para-amphibolites have been recpgnized in this
region (see otiaer chemical evidences in cpapters 5 & 6),

metasedinents earlier than these basic igneous rocks are doubtful.
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It is commonly suggested in studies of amphibolites that
mixtures of dolomlte and shale, metamorphosed and decarbonated,
might produce anphiholites yith virtually the same coxposition

as basic iz

L=

neous rocks (Van De Xamp, 1552)., Some of the
difficulties involved in producing awmphivolites from such
mixtures are mentioned by Zvans & Leake (1960), who emphnasized

+

that these mixtures would nol have the same composition as
basic izneous rocks, For example, Al and X would be too higna,
Ja would be too low,

The amphibolites frbm this study have been showvn toAbe of
igneous origin althoush the precise type of basic rock is
difficult to establish, Are they basalt tuffs? Enéel & Inzel:
(19¢2, pp. 76) with fgference to the origin of amphibolites stated
fﬁat it isAunreasonable to postulate that %he thin seemingly
accordant amphibolites are mafic tuffs, as is so frequently
suggested in the literature,

Norrin (1940) gave detailed descriptions of three tuff
layers in the Zocene of Denmark.' Two layers are vasic and
the third is acidic in composition. These tuffs serve as
;arker horizons in the areza, Theﬁ ars of the order of 10 ~ 50
cms thick and occur ovér an area at least 50 km across
interlayered with clays and_cérbonates.

Mason (1$42) and Schofield (1951)'have siven descriptions
of basaltic‘tﬁffs'in the Qligocene of Hew Zealand; Snavely &

-

Vager (?éb@) have shpwn‘that basic tuffs aré widespread in
westernOregon and Wéshington. Some are tihin bedded and occur
with greywackes. Stark & Hay (1663) described the volecanic
rocks of Truk and mentioned the occurrence of basic tufis,

Some of the tuffs may be interbedded with limesiones in the area.

Reynolds (1315) describedvbasalt tuffs in the Carboniferous

limestones of Somerset, These are of fairly widespread
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distribution in Vest Somerset, Buddington & Chapin (1929) and
Brew &‘Muffer (1965) described Triassic basalt tuffs from Alaska,
These occur with limestone and clastic sediments,

The above summary shows that basalt tuffé, althouzh not
comion, are found in metamorphosed rocks of various iypes,
Thére is therefore a likelihood that such rocks can exist in
Precambrian sediments (such as those in the Foindle --Scourie
region) which are now retrogressed granulite facies metamorphic
rocks,

Fig. 7.2 is the K vs 2b plot for all the main rock groups.
Two main‘trends are obgerved =~ main trend (M,T) and oceanic
trend (0.7) of Payne & Shaw (1967). Because of retrogression,
the abundances in K-Rb pailrs of the intermediate and acid rocks
do not plot below the meta-pelites as should be the case (cf Van De
Kanp, 1968 pp. 1351). All rocks, except thé amphibolites,
follow the main trend. The amphibolites clearly Tollow the
oceanic trend, Van De Kamp (ope. cit; fiz, 9) note that the
ortho-amphibolites occurring within metasediments in the
Haliburton - ladoc area, south-eastern Ontario.follow the oceznic
- tholeiitic trend, Hence, the occurrence of amphibolites/
neta-basalts within netasediments is not peculiar to the Foindle
- - Scourile ;ggion. Aveilable deta from this study do not
- permit a convincing evidence to be shown in order to classify

’

the amphibolites 2s basic vuffs as against netabasalsis,

Ted “gtamorphisn

During metzmorphism, the chexzical compositions of all

but high zrade metamorphic rocks are often more or:less consiant

|(-J
]
3
3
(=N
(o]
[t

excert for loss of volatiles, ulerly water and GOse

3
e
e
O]

oy

as been demonstrated by serial analyses of rocks from low

ot
o
juy
iy
o

izh grade, for example, Shaw's (1350) study of the Littleton
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Ratio

Oxidation Ratio

Na/K
K/Rb

K/Sr

Rb/Sr
Ba/Rb
Ba/Sr

ca/Y
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Summary of Elemental and Oxidation xatios

for all rock types

Mean value
SCCURIE (n=10)

4.42
2.10
700

33

15

94

3847

n = no. of samples analysed

Mean value
FOINDLE (n=46)

9.31.
1.57
.566

. ?62
25

0.53

25

2635
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Table 7.2. -Mineralogy and Metamorphism in the Supracrustal rocks
in Scourie and Foindle

. AREA ROCK TYPE LOCALITY INDEX BARRCVIAN
. : ZONE MINERALS ZONE
. CLASSIFICATICN
0 Schists LOCHAN Hornblende
0 Andesine
o & ,GREIGE (An40)
c Gneisses MHAIL Garnet Sillimanite
- Biotite
H Quartz
- Sillimanite
Rutile
Mainly LOCH Hornblende
. NAM Plagioclase
) Schists Biotite Garnet/
o . BRAC Garnet ~ Biotite
H Epidote
2 Quartz
o
- .
- Mainly LOCH NA Biotite
. ' . Muscovite -
Schists THARIGH Chlorite Biotite
GLAISE Quartz
LOCHAN CREIGE tMHAIL - Loch North of Scourie Bay
LOCH NAM BRAC - Loch between Foindle and Tarbet Road

LOCH NA 'HARIGH GLAISE = Loch along Foindle/Fanagmore Road
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pelites, by comparing the conpo ions of unmetanorphose
sedinents and igneous rocks with thelr metamorphosed equivalents,
Thus, excluding migmatites, 1t is gemerally taought that the
non-volatile composition of metanorphic rocks is larzely
controllied by, and reflects, processes that tock place in
forming the original sedimentery or igneous rock. Leake (T972)
recosnized the modifying influence of metasomaiism, walch he
considered on the whole, to be an external influence, which>
night introduce certain clenents, remove elenents, or MQOHlv
carry Qut toth addition and compensatory removal ab the same
tine,

This account presurposes tnat the chemical composition
of some metaﬁorphic rocks is modified and controlled by the
stable mineralogy, unwented elements being held or increzsed
by subtraction from the intergranular fluid, Leake (op. c1t)
also pointed out that the compositions of some metamorpnic rocks
vrolled, not as a result of
rnetasonatisn externally activated but 25 a result of internal
netamorphic reactions i.e nmineral instabilities and stabilities,
nnich themselves 21id the metasomatism,

It is generally agreed that the metasomatic removal of
water and COp from metamorphic rocks is largely controlled by
dehydration and decarbonzation of hydrous ninerals and
carbonates, waile metasomatic hydration is larzely directed
by the formation of siable hydrous minerals in place of anhydrous
ox less hydrous minerals, It can, Uherefore, be said that a
significant control over the water or even COp contents of a
netamorphric rock is the stable mineralozy and not onlé the
original composition of the rock. It is, therefore, possible

thet the presence of certain dominant minerals may prevent the

crystallization of minor minerals, even thouzgh these minerals
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o2

would be within their pressure « temperature stability fields,

and thus provoke the metasomatic reunoval of elements which

&

would have formed the ninor minerals,

H

Few unaltered granulife acies rocks were found in the
two areas studied (see Tables 3.2 & 3.3). Ilost rocks are
' retrogressed granulites, deformed at least twice. As a result,
discusSién on the metamornhic history is meinly on rocks of
slightly lower temperature grade than the higher temperature
gfanulites sti1l presexrved séuth of the rezion, Therefore, the
extené of amphibolitization is discussed by Eomparing riean major
element, mean trace element, and mean REE yglues for méjor rock
units, based on the re-classification in Chapter 6, found in
Scourie (less auphibolitized) with similar ones in Poindle
(more amphibolitized) see Tables 7.3, 7.4, and 7.5).  The best
éstimate! of Scourie granulite assemblage (Iiolland & Lambert, 1975;
Table 7.8 column F) has been used to show the extent of 1imited
amphibolitization in the Scourie rocks, Comaprison of the
data in Table 7,3 with the abqve shows that amphibolitization in
Scourie was characterized by minor potash feldspathization
(higher K20, higher SiO2).

On the basis of mineralogical assemblages shovm in Table
7.2 , two zones probably répresenting upﬁer armphibolite to -
lower granulite facies conditions,(Engel & Engel, 1962) can be
said to exist in Foindle and Scourie respectively,

Green & Ringwood (1967) subdivided granulites into three
groups with the followiné mineral asseﬁblages:-

(1) 1lower pressure, characterized by olivine + plagiocclase

with co:dierite‘and andalusite | |
(2) medium pressure, typified by %he assemblazesy .
plagioclase + hypersthene i clino-pyroxene + quariz,

Kyanite and sillimenite are charactceristic but the
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plagioclase =~ ¢livine palr is unsiable,
(3) high pfessure, vith garnst + clino~pyroxene +
hyperstﬁﬁﬂ§.+ plagioclasé.
- Clifford (1974) pointed out that almost all African granulites
contain the association: plagioclase + hypersthene + clino-
pyroxene + garnet + quartz in rocks of appropriate composition
and that they formed under mediwn pressure metzanorphic conditions.
In netamorphosed pelites, the Fel+/(Fe2* + lig) ratio of the bulk
composition determines the nmincral assemblagé znd the maximum
pressﬁ%e range of cordierite + garnet assembiages (Hensen &
Green, 1970; Currie, 1971). If the above«?atio is less than
0.8 to 0.9, these assemblages may occur in medium high pressure
(i.e probably lower pressure thén that for typical granulites
and Clifford (1974) noted that many African and Madégascan
granulites and gneisses do have ratiosg in the range 0,3 to
DeTe Neither cordierite nor andalusite has besn observed in
thé rocks studied, The low pressure granulites of Green &
Ringwood (1967) are unlikely,  The Fez"'/(Pe2+ + Hg) ratios for the
neta~-pelites studied in the region range from 0,65 to 0,85 and
would suggest the rocgs are nedium high pressure granulites
(group (2) of Green & Ringwood, op. cit). Also, Tarney &
7indley{1977) conclude that the geothermal gradient in lower
levels of the crust in early Precasbrian times was predominantly
of an interaediate type indicative of medium pressure metamorphism,
The tenperature cannot te estimated on the basis of this study.
"~ It, however, seeas that it was too high for cordierite to be
stable, as it could not be detected in the rocks studied,
Higher temperature alumino - silicates (kyanite and‘éillimanite)
have been recognized in a few sémples, mainly the garnet granulifes

(or meta-pelites),

It has 2lread; been necationed that there are very few rocks
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with primery grenulite facles characteristics in.the rezion
studied, Therefore, discussion nhas been mainly on éeochemical
changes produced during retrogressive,metamorphism, This does
not ﬁreclude a brief mention of some granulite facies problenms,
partiéularly F=Rb distributions, since a few}granﬁlite facies
minérals (the Pyroxene particularly), have been observe@ in
some rocks in Scourie (see chapter 3, Tables 3,2 & 3.3).
Txanination of Tables 7.1 to 7.5 shows tihat there are significant
differences in composition between slightly retrogressed
granulite facies roclks in Scourie and their pervasively
retrogressed equivalents in Eoindle. Apparently, tae noticeable
changzes during retrogression include
(a) an increase in X content in the granitic rocks and
meta-pelites. (potash feldspathization of Mehnert,
1969; pp. 284)., This is reflected in lower Na/K
~ratio in Foindle (see Table 7,1). For the
neta-greywackes, there is not much change. Little
difference has also been noted in K -~ content of
granulite and amphibolite facies intermediate to aeid
gneisses in Coll and Tiree of the Lewisian by Drury
(1974)
(b) a decrease in Ca in the granitic gneiss but an increase
in the metasediments. )
(¢c) an increase in Rb for the metasediments. A comparison
is not possivle for the granitic gneiss from this study
(d) a marked decrease in Sr concentration in all rocks
(e)‘ an increase in Za content in the granitic gneiss and
2 decrease for the metasediments,
To access these changes more objectively, it is necessary
to consider various pzrameters which are sensitive to geochenmical

fractionation processes, The ones chosen are K/Rb, Rb/Sr, X/Ba,
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andlBa/Rb.‘ Their improtance in following igneous fractionation

patterns is well knowa (of. Taylor, 1965), and they have recently
gained prominence in geochemical situdies of basement nmetaorphic
omplexes (e.g Lambert & Heler, 13%8; Spighinolfi, 13713 Drury,
1974).' Bivariate diagraas for X/b and &/Ba have been discussed
in Chaptef S. ~“Considering the above named fdur‘ratios, hizher
values of K-2b, H-5r, Ba-Rb are evideﬁt. Other ratios are low
(see Table 7,1). Sucn features are not unco:mon in grenulite
facies rocks, However, conyarlﬁg values from both aress studied,
the K/Rb ratlo is reduced from a mean value of 700 in Scourie to
560 in Foincle,  Other ratios, except Da/Rb, are iﬁcreased,
This is attributed to influx of Rb in tihe fluid phase, thereby
reducing the K/Rb ratio, Taylor (1965) notes also that a highly
fractionated fluid is expected to have a low K/Rb ratio and high
Rb/Sr ratio, Tne mean value quoted above in Foindle rocks is
comparable to the X/Rb ratios for Precambrian ferraing (cf, Lewis
& Spooner, 1573).

This geocunenical evidence suggests, in general, that the

\ e

neoning fluid must have been enriche@ in X and Rb and odp=zble of
renoving Ca, 2, Sr, and Ba during the refrogression. - Vaich
elements ieave or .enter a‘migrating phése of this sort would
depend upor“;ne pronortions of individual elements able o be
stabilized in the minerals being formed under 2 particular
physical regine, and on individual concentration gradients across
the fluid/mineral interface (Drury,-1”7‘). 'Considerlig nicas,
for exagplé, and the minerals contributing to thelr formation
during retrozression, such as feldspars and pyroxene, RbT

(1. 47A) enters Xt (1.3 i) sites of 12-0ld co~ordination in
lerger ionic radius, and it is therefore enriched in micas,

o . , . " R .
Srét (1.12i) on the other hand has a smaller ionic radius than

Q . . 3 'y 3
x* (1.334) and is precluded from substitution in micas, Therefore,
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where mice is.growin; due to retrogression, it will be
enrichument in Rb and it will be unatle to retain its previous
complenent of Sr, if in contact with an Rb -~ ric
Hence, its Rb/Sr ratio will inereast,

An external source reogion for a migraving and cherically

active hydrous fluid vwhich has caused geochnenical and other

process of dehydration or contain an abundance o
In thevlatter case it could be a larze body of granitic magnae,
This, however, seem unlikely because there ié no cviderce for
any 1argerdiapiric granitic intrusion, as in other cratonic
terrains, either in the region studied or anywhere in the
Lewislian Complex, A dehydrating source rezlon seens more likely,
Volatiles containing incompatible elenents such as K, Rb and Th
could be driven upwards from such a source z2s intergranuler
aqgueous rfluids, Such a2 possible source rezgion mignt have
consisted of sediments younger than the‘intrusive bodies which
nad in some way been dovmwarped into acid/or overthrust by the
older high grade rocks, This sort of situations has heen
suggested for the major structural, petrographic and geochenical
boundary (Ben Stack Line) of Beach & Fyfe (1972).  Soume part of
the region studied, especially the ?oindle ares, is probably
within the Ben Stack Line, The chemically active fluid which-
has caused geochemical and other changes during retrogression
could be due vo large of anounts of weter moving along sheaxr

ones. (Beach, 1974) or coming from the lower crust or upper
man%le.

A1lthough the rocks studied are within the Amphibolitised

belt of the Lewisian mainlénd, some granulite facies minexal
assemblages have been recognized in a few sauples from Scourie

(sce Chapter 3). A brief memtion 1s now made on the distribution
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of X and Rb in the granulites, leny workers have drawn attention
to the ‘low Rb content and high K/Rb ratios of the granulite
facies roéks (Lamﬁert & Heiexr, 1.53; Heier & Thoressen,. 1971;
Sighinolfi, 1971; Grecn etpl., 5976; Tarney eth., 15723 Drﬁry,‘

1973; Lewis & Spooner, 1373; Szeraton ethl, 1973; Field &

-,

Clough, 12763 Kalsbeek, 1970), with the impliéation that the
iowe: crust is deficienf in Rb relatiﬁe to the upper crust,
There is no general agreement zs to the cause(s) of the relztive
Rb depletion in grinulives,
One mechanism which could account for the relative deﬁletion
of Rb in the graﬁulites facies rocks could be the apuearance
and growth of almardine garnet, possibly at the expence‘of‘
biotite. Baseé or available deta, an exact reaction cennot be.
formulated but a reasonable possibility might be: -
mMuscovite + biotike + quértz—aorthoclase + ga?net + 'water?

This rezction taking place in the presence of an intergranular

ot

fluid phase containing alkalies, would proéﬁ:e a decrease in X/Rb
ratio in the fluid. This is in consequence of the fact that
botn micas concentrate Rb relative to X - feldspar, sc that as
the reaction proéeeds to the rignt with increasiqg temperature,
the fluid phéSe would become enfiched in Rb relative to X. If
the fluid were subsequently expelled, the net result would be

an incrense in the X/Rb ratio of thehresidual gneiss, e fact
that garnet{is more abundaant in the Scourie rocks'than muscovite
in the later lover grade equivalents in Foindle Sugges%s that

1

another possible reaction could be:

muscovise + biotite —» garnet + orthoclase + X200 4 Ywater?
Since this leads to release of K in excess of available alunmina,

a2 net loss of K would be expected along with the increase in the

K/Rb ratio. Such observations have been reported by Ingel &

=}

-«

ngel (1962) who noted a depletion in K20 alons with Hp0 and

T

L
<M

some Si0s in %hec para-gneiss with increasing metanorpiaic grade,
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This is further supported by lower oxidatio tlos, wator, H20

and Si0sin the metasedinents from Scourie (see Tables 7.1 & Tel)s

In the light of thie availalle evidence from this study, these
reactions though poscible, are difficult to validate,
Another explanation for the increased K/Rb ratio in

granulite facies rocks is amatectic melting and subsequent

ars

upwvard migretion of the melt. arbert & Heier (19638) suggest

that this is the major mechenisa responsible for the increase

b

in K/Rb ratlo and depletion of granitoprile elements which they

obscrve in the high pressure granulite facies rocks of the

1

Austrelian Shield, This, howvever, cammot be the explanation

based on QVailable date from this work, bec;;sc auch would depend
on the nature of fractionation of K and Rb Eefween biotite and
melt, If Rb is relablvelj canceﬂtrated in %he nelt, formatiop
and removal of an &navectic llquld would raise the K/Rb ratio

in the residual gneiss, while Rb conéentration in the biotite

.

reduction in the X/Tb ratio.

) -

would on the ouner hand produce

m

Any work to cdetermine the distribu%ion coefficients for K. and
b between biotite and granitic Ligquid may calrify this point.
it is therefore re-sorable to conclude as followss:-
(1) the fractionation of K and Rb probably occurred
during the retrogression that followed the Scourian
grenulite faciés metamorphism,
(2) K/Rb ratios in Scourie rocks are significantly higher
than these in Foindle, This is atiributed to a
regional depletion ¥ which must have taken place during
the zranulite facies neteuorphisna that occurred vefore
the retrogression, Therefore, X/2b VarlatIOﬂo in the
rocks studied or even in Precambrian granulifes
(Tarncy & Vindley, 1977) are not primary igneous trends,
The cause of this Rb deplction is an open debate,

Because 2igh K/Rb ratios tend to correlate witn low X,



Table 7.3,

We.%

Fe,O
FeO

MnO

Oxidation
Ratio

Na/k.

Average major elenent compositions for meta-greywacke, meta-pelite,
and granitic gneiss

MBTA~GREYWACKE o META-PELITE - GRANITIC GNEISS
SCOURIE (7) FOINDLE(.27) 'scomzxs (2) FOINDLE (3) SCOURIB (1) FOINDLE (5)
68.97 67.36 - 54.31 " 56425 64.25 72.86

0.45 0.51 .:» 1.1s 066 o.61 0.16
15.67 15,23 2033 1463 ., 14.94 13.55
0.17 0.25 | oo 1.37 - . 0.5 0.18
3.26 (8.72 9.12 :A 11,29 | 4,47 2.85
0.07 0.07  oas 0.9 0.09 0.11
1.65 1.89 . 2.53 476 2,93 0.91
2.41 3.52 C 2,99 - 376 5.51 - 2.69
3.85 3.30 403 . .06  am 4.30
2.44 2.40 2060 . 8.17 0,74 ., 242
0,07 017  o0a0. 0.18 " 0.12 L 0,06
0.64" 1,03 " bues 2.39 1.00 0.90
0.13 0.08 0,09 0,08 0.08 0.06
3,87 5.69 0.93 - 7.79 8.3 9.04
1.91 2,42 1,29 038 474 5.88

Figures in brackets are no. of determinations

012



Table 704-

Rb

Sr

Zx
Ba
Th
Zn

Cu

Figures in brackets

Average XRF trace element composition for meta—greywacke, neta-pelite,

and granitic gneiss

META~GREYWACKE
SCOURIE (7)

71 46
28 23
38 43
465 395
20 46
. 257 228
1171 1053
4 5
47 88
15 32
63 65

FOINDLE(27

META-PELITE

SCOURIE (2)  FOINDLE(3)
303 144
1e5 48

37 54
395 258

31 38
207 150
891 784

15 6
157 174
178 33
262

137

GRANITIC GNEISS

SCOURIE (1)

93

28

506

24

426

50
14

8l

FOINDLE (5)
12
8
39
273
40
168

640

50
13

16

are no. of determinations.

T1e



-~ Table 7.5. Average REE compositions for meta-greywacke, ‘meta-pelite, and granitic ghéiss

 PePem.

La
Ce’
Nd
| Sm
Eu
P
" Ho
Tn
-Yb

La

 Eree-

Ce/ La

" Fiaures in brackets are no. ‘of determinations.:

META-GREYWACKE

SCOURIE (7) FOINDLE(27) SCOURIE (2) FOINDLE (3)  SCOURIE (1) FOINDLE (5)

META-PELITE

?

GRANITIC GNEISS

' 35.5(7) | 53.5(27) 44.9(2) . 41.7(3) 15.8 . 29.0(5)
V47.9(7) 62.0(2%)A . 40.3(2) 51.3(3) 42.2 E 31.8(5)
17.9(7) 33.4(26) "34.6(2)‘ 44.3(3) 21.6 21.2(5)

é;s(7){ 5.7(27) | 6.1(25 9.3(3)  3.7 3.9(5)
1.5(7) 1.8(27);‘ 1.7(2) 1.4(3) 1.1 1.0(5)
1.4(6) 4.3(24) 6.3(2) 6.2(2j 3.7 1.0(4)
0.6(7) 0.8(26) ;.2(2)' 12,0(3) 0.4 0.9(5).
1.0(4) 1.0(23) 2.4(1) 1.4(2) 0.4 3.8(2)
'.. 0.7(5) 6.6(12) _ 1,2(#)? "?_ o.e(z)'f - 0.8(3)
2;;(%) 2.5(27)  ~ | 3.7(2) | 4.6(5) 0.8 4.6(3)
0.4(5) 0.5(20) 0L4(2)j 6.6(3) 0.2 2,0(1)
101.8(7) 147;7(26) 14i.6(2) 159.9(3) 89.2 126.1(3)
1.4k7) : .1.5{27) . o.é(z) | 1.2(3) 2;7(1) 1.1(5)
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and especially with low Rb, it is reasonable’tqﬂ'
gssunie that the mechanisna ;esponsible is loss of
K and Rb, but.with preferential loss of the larger
Rb ion felative to X, This could be accomplished

(a) during anatexis wﬁere‘éranulites represent some form
of residuun (Fyfe, 15733 Kalsbeek, 1976),

(b) ddfan expulslon of anrous fluids wnen anhydrous
high pressure mineral assemblages are developed
(Lambert & Heier, 1963; Heier, 1973) or

(c). due to more extensive leaching by metasomatic fluids
at or.near granulite facies (Zarney eqal. 19723 “rury,
19733 Sneraton effal. 1973; Pield & Clough, 1976).

Y values differ widely amongst all rocks studied, However,
greatef abundance is observed in Foindle rocks (seg Table T.4).
Two reasons can éccount for fhis? namely:-

(a) the greater propo:ti;n of garnetifercusc rocks in
Poindle, an&n(b),as ¥. ghow# systematic coherence with Ca; especially
for igneous rocks (ef. ﬁambert & Holland, 1973, 1974), other
Ca minerals e,g Lornblende, apatite, can carry :ttriud. Tnese
minerals are more abundant in Volnale roc,s.

It wbuid seen that retrogression nas altered the Cz/Y ratios
in the region, Teble T.1 shows thet the ratio ¢é requced fron
a mean value ol 3347 in Scourie to 2635 in Foindle rocks, This
view Goes not therefore favguf the idea of'Lambert & :ielland
{(op. cit) that metawmorphic processés do not seemlfo alfer
inherited Ca/Y ratios.

A\
Tadle 7.5 shous that the RT3 are more abundant in TFoindle
rocxs than in those fLOﬂ Seourie, ”etvo raphic study in
chapter 3, suzgests that . this 1is due to a greater proporiion
of pOSS;blu IT bearing minerals (zarnet, ampaibole, epidote,

¢le rocks, Also, lower Ceo/la

n
ratios than the velue of 2,0 recorded for high grade monbers of



the Coll/Tires Compiex {Drury, 1974) sre obgserved in a
the rocks studied. It .is possible that theée patterns are due
to the eflects of a fluld curiched in K; Ba znuw vas rarve-earils,
Hence, in a highly froctionated f“uid,'the larger La ions will
be enriched relative to Ce ions, and the fluid can impord an
abnormelly low Ce/TLa ratio %o the rocl cs it affecta,

Roaldset (1975) showed that the distributicn of RIZ can
be influenced by such geochenical faectors as the minsrslogical
and geocnexical chanzes d"r“u; netanorpnisn, e a2lso s
thet during metamorphism and weathering procésses, Ris may‘be
strongly accurulated by surface adsorption on ghyllosilicates
{the mieces). Data from this study indicate thalt there is
possibility of an extensive adsorption of RLE ions on
micaceous minerals either by metamofphism or weathering.
Hoviever, wnatever the process that miznt have operated 1t does not

b L]

seem to have changed the over-all rars-—sarth element distiibution
pattern of any perticular rock group studied
The Supracrustal rocks ;n this rezion are essentially

quariz - plagioclase ; nuscovite = blotlte -~ garnet ~ kr“nite -

ron oxide mineral gneisses with & range in the oxidation ratio,
Ilost of Theése are found intinately interbedded. Increasing
oxidation ratios in these rocks are accompanied by increasing

»

amounts of muscovite and iron-- oxides as exemplified in
Foindle, Chinner (1960) stated that the confinement of rocks
of varying oxidation ratio to well -~ defined sedimentary bands
‘suzcests thet the differences in oxygen content are of

pre ctagorpqlc é¢iagenetic origin,. e also further supyported
this view by showing a correlation between oxidation.ratio and
both the manganese and total iron contents of the rocks, His

conclusion is in harmony with recent suggestions thal during

reglonal mstamorphlizm rocks in general bechave as narrowly defined
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units 'closed! to oxygen, the oxygen pariial pressure in each
unit being determined by the mineral assemblage, and hence the
original oxygen content, rather than beins externally imposed,
It may be possible that the differences in oxygen content
(especially in pelitic rocks than can be said to be similar %o
those Trom Glen Clova that Chinner (1960) based his conclusion),
are of pre-metamorphic or diagenetic origin but this is not
supported by lack of correlation between oxidation ratio and
bﬁth manganese and total iron contents of the rocks studied,
Furthé}more, these rocks have been shown to contain hydrated
mineral asseﬁblages, so that it has not been possible %o
establish that at least some of the oxygen content ﬁight not
rave been externally imposed. Chinner (op. cit), however,
emphasiges that partial oxygen pressures and oxygen contents
can be dependent variables, and hence it could equallj well be
assumed that the varyinz partial pressures in a vapour phase
imposed from outside generated the composition of the minerals,
thus producing the varying oxygen contents of the various rock
layers, This is essentially the situation realized in the
experimegtal work of Bugster (1959) on the system annite -
phlogopitic water, in which biotites are synthesized Aat partial
pressures of oxygen imposed by an external 'buffer' redox pair,
In e natural system thus fopen' to oxygen, as probable in the
region stﬁdied, varyinz oxygen contents between rock layers
would have to be fegarded as being of metanorphic (i.e metasomatic)
origin, In such a system, the oxidation ratio is expected to
increaée with increasing water content as exemplified in fig,
Te3 vnere the nmetasediments show this clearly, The focks in
Secourie - Poindle region are also extremely veined by quariz -

feldspathic segresations and injections, which imply, however,

the existence of a certain degree of metasomatic activity
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during the metamorphism,

In summery, rocks in both areas zre amphibolitized granulites
involving the hydraziion of essentially anhydrous mineral
assemblages, It can therefore be supposed that a2 thermodynamically
open system {retrogressive process) was doninant, in support
of Beach (1974), Illetasomatisu was on a relatively large scale
and could be classed as infiltration metasomatisa of
(Korzhinskii, 1970). .The greater enrichment of potassium e%c.,
in the rocks from TFoindle suggests that retrogression was more

intense there than in Scourie,

Te5 Summary of chronologieal events

Lack of para-smphibolites in this region is interesting.
Table 7.0 is a summary of chronological events in both areas
based strictly on field and chenmical evidences resulting from
this study. According to Read & Vatson (1975) the only
Lewisien rocks which could represent a posi-Scourian cover -
succession are those of Locn Llaree Group which form a number of
narrow belts sandwiched between masses of regenerated gneiss.
This series is nmade up of thin psammites, pelites, graphitic.
schists, marbles and calc-schists aliernating with thick sheets
of basic rocks, all showing a metamorphic imprint of low
anphibolite or albite~cpidote amphibolite facies, The exact zge
and metamorphic grade cannot be estimeted from the available
data in this study. These data, however, tend to show that the
Supracrustal rocks or metasediments in Scourie - Foindle region
were derived from intrusive igneous rocks that are probably
sinilzar in composition with the intrusive sheets analﬁzed. If
the 'loose' term 'Scourian' denotes pre-~dyke episcde, then the
rocks in this region are Scourian in zge (possibly early Scourian),

hence the view of Read & Vatson (op. cit)above is also favoured

by this works
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Table 7.6. Chronological events in the Scourie~Foindle region

6.

5.

4.

3.

Deformation and regional retfogressive metamorphism at

slightly low temperature and medium high pressure
Intrusion of Scourie dykes (dolerife)

Scourian metamorphisn, deformat;on and migmatization
Intrusion of basic, ultxrabasic and acid sheets

Sedimentation (i.e, deposition of Supracrustals)

'Igneoﬁs activity 7
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Table 7.7, JAverage checical cowmpositiens from rocks used for comparison and
c¢isucssions in this Chaptes
1 2 3 4 s .} 7 8 9 10 11 12 13 is 15

5i0 52,22 50.20 S51.01 357.60 £9,90 79,20 59.52 £4.40 63.20 67,02 50.50 49,80 67,36 49,70 64.93

2
‘inz 0,78 1.38 1.25. 1.00 1,51 Q.23 0,70 0.62 0.50 0.38 1.26 1.89 " 0.64 1,00 0,52

szoa 13.85 13,70 12.45 15.40 17.20 311.10 17.20 15.50 15,30 15.6l- 13.30 12,70 14,61 14,90 14.63

l=‘920.3 5.55 3.3%9  1.82 2.00 0,52 654 0,99 2,89 14,30% 16,508 2.45 2,60 1.36
Fel 4.97 13.70% 6.57 5.96 '6.9 0.9 6. 80 4.26 1,05 3,31 3,80 2,75
M0 | 0.16 0,22 ©.13 0.15 0,17 0,16 0.07 0.04 0.22 0.24 0,06 0,07
MgO 7.26 6.65 10,02 3.7 7,20 0.3% 3.42  3.12 3,42 _il..46 7.20 5.10 2,86 6,30 2,24
Cao 8.76l’ 8.33 9,13 5.64 11,80 2,16 7.03 2,22 2.76 3.42 9,9 10,20 3,20 9.40 4.12

NHa, 0 3.09 2,76 2.15 3.70 2,70 3.40 3,68 3.74 3.51 4.97 2.50 2,20 2,52 2,10 3,46

K,0 0,61 0.29 1.35 0.84 0,16 1.58 1.60 2,44 2,09 1,13 0,90 0,40 2.75 0,32 3;10

PO,  0.13 0.14 0.43 0.22 0,12 .28 0.11 w15 v 013 . o0.1s
cx 2.63 . 3.6 103 2,97 4 - s . 26 ' 1.20 175 99
Ni 1.34 © 1,81 6 97 1 18 40 36 1.00 23
B 6 5 35 1.1 15 31 88 s 15 59 10 1.8
- 3.92  1.50 10.40 2,83 1.36 90 3,85 4.24 4.57 8.5 4.05 1.65 3.40
Y 18 13 . a3 23 . 21 ’ 3 T 1 as .

zx 1.10 1.7 1.6 95 125  1.10 2.78 2.88 1.00 4.00
Ba 4.55 70 12,10 2,48 10.5 1,75  2.70 5.05  9.84 1,60 S0 10,70

‘T8 2. s 0.14 1.6 0,7 . 138 R

ca S ' ' . 1,10

. Za . T ' - ST 1:00
K/Rb  8.30 4.81 3.00 10,50 8,70 4,30 230 2.99 6.25 3.87 3.50 2.20
Rb/Sr 0,016 0.033 0,033 0.008 0,17 0.08 0,207 0.127 0.02¢ 0.015 0.06¢ 0.35
Ba/fRb 75 14 33 10 1n 8.7 9.80 65.6 ) 19 s.c0¢ 9
Ba/St  1.20 0.8 120 0.70 0.08 1.90 0.0 120 Lo 2.7 0.5 3.10
K/Sr+ 12.92 16.05 10,77 26.51 9.76 145.71 34.49 46,76 37.96 15,25 =~ 58 18,10 75
K/Bas 11,13 34.39 9.26 23.11 126,48 74.94 4%.19 30,65 9.53 . 07 28 26
+ Calculated fiea data " % Total iron as Fe,0,

1. Average of 1l analyses of Basic Hornblende gneisses, Lewisian by Sheraton et al (1973)
'2. Average of Archean Tholeiites, Minnesota (Arth & Hanson, 1975) .

3. Average of %5 Basic granulites (iwright et al. 1973}

4. Average of 232 Archean Andesites, Canadian shield (Baragar & Goodwin, 1969)

5. Ocean ridge basalt

6. Island Arch Dacite (values from Jakes % white, 1972)

7. Mean Circum-Pacific andesite (Tayior, 1v69}

B. Average of 23 rrecambrian greywackes, Wyoming (Conbie, 1967)

Y. Barly Precambrian creywicke, minnesota (Arth & Hanscn, 1¥75)

10. Averane of hetrogressed Granulite facies arey oneisses, Assnt by Sheraton et al {1973)

11. Averane of metadclerites and meta basites in the Lewisian {Holland & Lacbert, 1973)

12, Averanc of metadolerite in Scourie asseublaac (Holland & Lambert, op cit)

13. Averaae of 21 metascdimentiry gneisses from Leverburgh belt, 5. Harris (Tarney et al. 1972)
14. Averane Bnriched Archcan Theleiite EAT) (Condie, 1976)

1S, Average composition of the rrecanbrian Shield (Shaw et al. 1967},



_Rb

Table 7.8.
A
Sioz . 60.60
rioz- 0.90
A1203 15.40
Fe203 7.20%
FeO
MaO 0.20
Mgo 3.90
Ca0 5.70
Na20 2780
K20 2,80
PO é.zo
H20+
v
Cx
Ni
Cu
Zu
70
Sr 3.40
»B# 10.90
Th 2,10
Zx 3.10

Rb/Sr+ 0,21
K/Sr+ 63.47
K/Bat+ 19.80
Ba/Rb+ 15,57
Ba/Sr+ 3.21

K/Rb+ 308.29

Average granulites from type localities

B - C
60.70
0.95

16.80 15.83

1.50 1.7;

3.50 5.50

0.07 0,11

2.20 3,02

3470 5.28

4,10 . 3,55

2.60 2,28
0.19

88 71
22

46

4,10 5.43

- 7.70 12,17

2.22

0.09

52.63 34.85

28,03 15.55

26.46

l1.88 2,24

411.39

D
64,56
0.47
15,74
2.53
2,00

0.06

48

37

13
5.65
17.79
1.0
1.97
0.02
16.89
12.25
59.92
1.36

734.23

E
61.22

0.54

88

. 58

11
5.69
757
1,0

2,02

0.02

15.02
11.29
68.82

1,33

777.18

F

61.50

0.56

15.50

6.20%

0.10

3.50

5,90

4.00

1.00

L]

2]})

calculated from data

Total iron as Fe203

Average of Musgrave

Range granulites
(23 analyses)
(Lambert & Heiler,.
1968)

Average of New Quebec
granulites
(Eade & Fahrig, 1971)

Average of Brazillian

granulites (62 analyses).

(Spighinolfi, 1971)

Kverage for Assynt
gneisses (154 analyses)
(Sheraton et al. 1973)

Average for Drumbeg
gneisses (254 analyses)
Sheraton et al. op cit)

'Best estimate' of

Scourie granulite
assemblage .
(Holland & Lambert,
1975).
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Table 7.9. Average grey gneisses from Scotland and Greenland

A

$i0 69.20

Tio 0,34

A1203 15.90

Fe, O 3.40%

2°3
FeO
in0 0,06
M96 1.50
Ca0 3.20

NaZO 4,20
K,O 2.30
P20

Cr

Rb

Sr

Zrx

Ba

Th .
K/Rb
Rb/Sr
Ba/Rb
Ba/Sr

K/Sr+

B

66.70
0,34
1l6.04
1.94
1.47
0.04
1.44
3.18
4.90
2,09

0. 14

32

20

74

580

7

193

713

11

234

0.127 0.162

9,60
1.20

.29.91

0.11
30
18

77

478

182
840
8

278

10.90
1.80

45,08

"D

67.17
0.31
15.79
1.68
1.41

0.04

13

44

580

207
1040
10

396

0.076

23.60
1,80

30.05

E

684,15
0,39

.16.32

0.03
1.00
3,98
4.45
2.07
0.20
21
13
60
460
17
215
673
4
625
0.130
11.20
1.50

37.35

Calculated from data
Total iron as Feao3
Average of 268 Lewisian
grey gneisses, Laxford
assemblage (Holland &

" Lambert, 1973)

Average of 39 Lewisian
grey oneisses, North of
Laxford bridge (Sheraton
et al. 1973)

Average of 22 Lewisian
orey gneisses, Harris and
Lewis, Outer Hebrides
(Sheraton et al., op cit)

Average of 41 grey gneisses,
Angmagsslik, £ast Greenland
{Sheraton, et al., 1973)

Average of 21 grey gneisses,
Fiskenaesset, West Greenland
{(Tarney, Cheesman & Windley,
un published data).
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Table 7.10. Average chenical compositions of selected gabbroic rocks

A . B

sio, 48.01 43,08

Ti0, 1.51 . 0.86 ‘ .

A1203 19.11 16.69.© % = other constituents including ons
Fe203 1.20 4,47 n.d. = not determined

FeO 8.44 9.32

MnO n.d 0.21

Mgo  + 7.72 _  9.36 A Olivine - gabbro, chilled marginal
Cal. 10.33 14.67 facies, Skaergaard, E. Greenland
Na,0 2.34 1.00 (Anal. W.A. Dear), Skaetrgaard lem.,
K0 0.17 - 0.15 Q.J.G. Soc., 102 (1947 pp. 47)
P,0; ~ 0.82x% - :

Trace elements in parts per million

Ccr 354

Ni 88 B Awerage of 37 analyses of Ultramafic

Sz 40 . and mafic gabbros from the gabbroic
rim of the Ano:fhpsite Complex,:
S. Harris (Witty, 1975).

CIPW Norms

Qz -

cu- | - )

or | ~ 0.88

Ab 9.82

An . go.61

Di i 26.09

Hy ’ -

o1 ' 16,72

Mt 6.48

n 1.63
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" Vhen compared witih the entire area of the Lewisian Complex,
this region is extremely snall, but it certainly throws some
light onto the probleas of interpretation of the geology of the
Complex, Rocks from the region have chemical compositions which
are remarkably close to those from other areas of the Lewisgian
Complex, or even the Ijorth Atlantic Craton (see Tables 7.7 - 7.10).
This thesls therefore, cannot be concluded without wm=king some
suggestions for future workers in the region, near‘this rggion,
or even witnin the entire Lewisian Complex, These suggestions
are dravm from the outcome of this studye. They ares-

(1) The rocks in both areas studied have been compared
with similar {types in Scourie (typical of granulite facies) and
Torth of Loch Laxford (typical amphibolite facies), Cpmparison
of chemical data with those from Norta of Loch Laxford shows taat
Toindle is probably within the amphibolite facies zone, therefore
‘the extent and position of the Ben Stack Line is questionable.
The Line could include the Foindle - Fanagriore area, i.e it
should be further south than its present position. Ag already
nentioned in chapter 1, the two areas where the best examples
of the Supracrustal rocks outcrop, were seleeted and studied
ifor the purﬁgses of this project. Although dykes cross~cut
the country ~ gneisses, the author favours the idea of Beach
etpl. (1974) that the exect extent of.tha Ben.StéQk Line remains
a_problcm'and therefore should not be used to separaté rQCx8
representing the two facles of metamorphism,.

(2) tYetasedinents have been reported recently from mapy
parts of thae Lewisian Complex of the II.V. Highlands of Scotland
and could be the oldest rocks in the coxplex, Tae rocks have
nov been recorded in 3 belts - southern, central, snd nortacrn,

as well as from %the Tewlsian masses cccurying as Calelonien thrusi
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slices and from the Inner zand Outér Hebrides'(soe‘Bowes, 124833
Coward efzl., 19693 Hopzood, 1965; Tarney eﬁhl,, 1972), and
nany others as sumazrized in Chaptexr 1. It has bsen said by
many previous workers tnat the occurrence of metasediments is
of significance in interpretinz Tewisian history. The cuthor,
therexoré, joins Chowdnory eﬂél. (1571) in suzsesting that
reliable criteriabfor stratigraphic correlation are ﬁow necded,
This can be attenpted by confirming the proposed sedimeantary
origin Tor the Suprecrustael rocis vherever tiney have been found
in the Lewislen Complex by RED or Oxyzen isotope studies, REE
deta can be obtained by any of the awvailable techinqﬁes é.g
neutron activg%ioq as done in this study or isotope dilution.
Using mags spectrometry, (precision better thwn.i 0.1 per nil
in nmost lzboraties (Epstein & Taylor, 1967), oxygen isotope

data can bec obtzined to investigate the genesis and history

-4

neousg rock types. The
618/016,ratios of metamorphic rocks and minerals in some cases
reflect the gsrade of meterorphisa (Zpstein & Taylor, op. cit).
The differesnce in these values between coexisting minerals
coxmonly appears to be only temperature dependent and may
therefore b2 ugeful as a geothermometer, It may also be possible
to obtain iggbrm-tion about the degree'of oxygen communication

" between fhe‘rocks and their environment during metamorphism,
Confirmation of metasedimentary origin for the Supracrusval rocis
can then be foliowed up by radiometric dating to ascertéin their
aze(s)e Stratigraphic correlation conthen be done,

(3) Shear zones have been recorded by Beach (1971) on the
basis of siructurzal and photo - geologic evidence.. Grevity
anomalies can help in detvecting shear movenents when favourable
structural conditions exist, As a follow-up of Beach's work,

gravity survey of the Scourie ~ Laxford rezion, and other areas
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in the Lewisian Complex, paying particulaf attention to responses
from shear zones and faults, combined with aeromagnctic data

froma I,G.8 one inch survey, .could show that these shear zores are
probably rsluved to the inveraction between the African and NHorth
Azerican plztes or Zuropean and Iforth American plates during tne
opening o wvhe Atlantic in the Troverozoic times, Shear zones
in norta Zgypt interpreted from gravity data have been shovm in
‘Riad (1977) to be related to the interaction between Zuropean and
African plates, Tﬁe zeophysical studies can be backed up by
detailed geccinemical work on these siear zones in order to
‘understand more of their history,.

(4) Relia%le P & T conditions for retrogression that occurred
in the reglon studied are difficult on the basis of availlable
cheaical data, However, the occurrence of sillimanite and
kyanite in some of the meta-pelites suggests a temperature of
about 600C and s pressure of about 5 - 8 Kb, XKyanite schists
lforned at temperatures of 510 -'580C must have crystallized at
pfessures of at least 4.~ 6 Kb (liewton, 1966) or 10 - 12 Kb
(Bell, 1963), depending om waose kyanite - sillimenite transition
data are more accurate, Availablé data do not permit reliable
P & T values, but if medium high pressure as suggested on the
basis of the Fe2*/(Pel+ 4+ lg) ratio, seems reasonable, then
Newton's (ono cit) pressure range seens more ayproprlaue to the

retrogressive metamorphisn that occurred in the rezion studied ,

althouzh Bell's values cannot be rejected outright.
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CONCLUSIONS .-

The Supracrustal rocks and the assoclated igneous bodies
betweszn Scourie and Foindle occupy north-easterly and northne
westerly treﬁding zones regpectively. They are brovn=-weathering
rocks, that look distinctly different from the intfusive igneous
sheets (ultramafic to acid). Rocks in the region studied have
been affected by rezional retrogression after granulite facies
metamorphism and deformed at least twice, Effects of
retrogression and deformation are more pronounced in Foindle
‘than in Scourie, It is suzgested that this retrogression probably
increased the abundance»of nornblende. Tirst phase of the
deformation (Fq) led to the development of synclines and anticlines
in both areas, The second phase (¥o) was accompanied by the
development of shear zones, lineatidns, minor folds, joints,
~boudins and faults. In Scourie, axial traca of P4 folds strike
north-ezst (same strike as the Scourian foliations),. Steeper
foliations are common in FToindle area and strike north-west,

Axial trace of Fq folds also sirike north-west in Toindle.
?etrographic studies show that a few granulite facies
minerals (e,s5 the pyroxenes) or textures are still found in some

Scourie rocks. However, unaliered pyroxenes were not found;

'i.e they were observed replaced either partially or in most areas
completely by hormblende (as in Foindle). The Supracrustal rocks
are essentially quartz -~ feldpathic zneisses characterized by the
assemblaze: quartz + biotite + feldspars + garnet + muscovite

% sillimanite x hornblende + kyanite & ziréon_i rutilé. In

the meta-izneous rocks, typical assemblage is: hornblende +
quartz + feldspars + sarnet + biotite, Granular texture

is typical of Scourie rocks, wnile the rocks from Foindle are
essentially schistose. This is attributed to the intensive

deformation that is more pronounced in Foindle.
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Major clement data do not provide reliamtle eriteria for
distinjuishing; between metasediments and meta-igneous rocks,
Howéver, the data show that 3 magma types appear to have
been availeble for injection into the cruét ‘dUﬁng the evolution
" of the rocks studied in the region. These are calc-alkalic,
alkalic and tholeiitic (low in alkalies),  Such megmatic
associations tdday are typical of the yolcanic cycle in island
arc régions, and the question which now arouses interest is |
whether or not these rocks investizated originated in an
znalogous environment, | |

Generally the rocks studied have rare-earth patterns
characterized by e

(a) 1light rare-earth element enrichment

(v) slight europium anomaly or in most cases . europium

depletion

(e) varying degrees of heavy rare-earih element depletion.
EE distribution patterns havg ﬁrovided a reliable means of
confirming the sedimentary origin of the Supracrustal rocks
(excepting the amphibolites) and distinguishing between
sedimentary and magmatic origins for the rocks studied.in
Poindle and Scourie, Some of the other chemical parameters as
discussed in chapter 6 provide ambiguous discrimination
criteria, ‘OCCur:enées of high RETL content in th§ rocks
indicate that the REE are concentrated‘in minerals likg
amphibole, epidote, garnet, apatite, or sphene, Also, the REE
data tend to show that there could have been fhe possibility of
an extensive adsorption of RIEE ions oﬂ micaceons mineral
during metamorphism and weathering processes, Therefore, RZZ
abundances are affected by metamorphism, but the over-all

nermalized distribution patterns seem to remain relatively

unchanged.
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The litholosies of these rocks {(supracrustals) are closely
comparable to those of tne Supracrustal assemﬁlage of the Cuter
Isles described by Coward ey@l; (1269), Vatson & Lisle (1973),
Hoorbath eghl. (1975), Dickinson (1974) or of the Scourie -
Laxford region describzd by Davies (1974). However, no
caic~silicate gZneiss or marble has been recognized amongst thé
rocks studied in this project, The geochemical data also do
-not.differ remarkably Ifrom those accepted metasediments from the
Leverburzh belt preéented in Terney eﬂal. (1972).

Thé Supracrustal rocks are therefore, metasedinents
(meta-pelite, meta-greywacke, and meta-arkose) while the
amphibolites (ortho-) are meta-basites of low - alkali
tholeiitic type. Althoush the metasediments could be detrital
sediments (formed by the weatnezing and erosion of older rocks)
or derived frmnfragmeﬁtél volcanic material (pyroclastic), this
ﬁork does not favour volecanic origin. Available data tend to
suggest that the metasediments studied were derived from
older igneous rocks, cnemically comparable with the intrusive
igneous bvodies analyzed, by sedimeniary processes, This,
perhaps, happened in early Scourian or pre -~ Scourian,

High grade metanorphism produced scapolite, clino-pjroxene,
orthp-pyroxgge etc, assemblazes, and also oxidation of the rocks,
Acconpanyinz this was loss of water, - During later retrogression
and deformation, addition of>potassium, water and‘@ydrous mineral
phases was enormous at TFoindle and Scourie. The>claséification
of the rocks as retrosrade metamorphosed rocks (or retrosressed
granulites) is mostly based on field association and mineral
petrograpaic features. This classification seems correci and
ig supported by chemical data, On the basis of available
chemical data it is difficult to state reliable P & T condifions

for the retrogression. However, the occurrence of sillimanite
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and kyanite in some of the meta=pelites .suggests a temperature

of about 600°C and = pressure of about 5 - 8 Kb,
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APPENDIX T

ABBRZVIATIONS,

General

Rare « earth element

Seconds
micrograms
centimetre
metre
kilometre
million'years

million years ago

Sampling

Loch Nam Brac

Lochtnorth of Scourie

Petrography

opx  Orthopyroxene

plag Plagioclase
biot DBiotite
qtz  Quartz

ap Apatite
epid Epidote
zir  Zircon

rut Rutile
hbl  Hornblende
cal Calcite
haem Haematite
il Ilmenite
ky Xyanite

cor Coxtndum

mus Muscovite

254



sph Sphene ?55
str  Staurclite

chl Chlorite

trem Tremolite

gar Garnet

Anth Anthophyllite

Kfsp Potash feldspar

pyx Pyroxene

Other symbols or abbreviations used in this thesis are conventional,
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ANALYTICAL IETHODS % DATA e

Chemicel data presented in this thesis have been determined
using 3 methods:
| (a) Vet chemical techniques for Lap0 and Fel
(b) ZX~ray fluorescénce teclniques with Philips 1212 automatic
-spectrometer for major element oxides (5i0p, TiOp, Fen03,
1m0, g0, Cald, K20, P205) as wi. %, and trace element
(Cr, Ni, Cu, Zn, Zr, Rb, Sr, Th, ¥, Ba, V) compositions
in parts per miliion,
(c) Ipstrumental neﬁtrgn activation analysis (INAL) technique
for the Rare-earth element (La, Ce, Nd, Sm, Bu, Gd, Tb,
Ho, Tm, Yo, Lu) compositions in parts per million also,
Only what are considered to be vital points used in obtaining
results are mentioned here, Détails of sample preparation and
analytical procedures for XRF and Vet Chenlcal techniques are
available in the Department of Geclogy, Royal School of !iines.
Procedure for the use of a nuclear reactor in the INAA are

aveilable at the University of London Reactor Centre, Ascot.

{(2) Vet Chemical Analysis

All znalyses were done using ignited rock powder, As a
prerequisifg_for the XRF mechine run, Nap0 and FeQ determinations
were made using flame phoitonetry and titration with potassiun
dich;omate (K20r207) solution respectively, Resﬁlts for sitandards

. _
to ceternine accuracy are represented in Table A.1 (1 3 2).

£

use

{b) X-rey fluorescence Analysis.

The XRPF technicue is bvased on the Calibration method and
relationshipy between the count rate in counts per second and the
concontration of the element., All sanples analysed were ignited

rock povider, Tor major element analyses, fused glass beads vere

ground down to approximately 200 mesh in 'Temat mill, nixed with
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polyvinyl alcohol solution, and then pressed into discs ready for
runnin; ‘on the machine, For trace element analysgs, ignited rock
. powder mixed with polyﬁinyl alcohol (PVA) solution was pressed into
a disc with baric acid backing. Raw count data on bota types of
disc were orocesoed using the College COﬂputers to obtaln major
and trace elements compositions.

Computer programs used in processing all XRF data are as
follows: .
lMajor element determination - 'START','TJEX', iMW'
Trace element determination - '*BTRANSY, 'IUTRACE!
Program 'AGNORN' produced the CIPY Norms, Niggli values were
- determined with the}Uni%ersity of London Comﬁuter Centre (ULCC)
program 'BEDNORI!, | |
Calibrafion Line data for =~ . -~ the major element chemical
data for the samples shown in Appendix B and Appendix C are given
in Appendix A (Tables A.2 to 4,10). These are used to check the
accuracy of the data used in this work. For purposes of precision,
starndards were run‘in duplicate (hence, last digit of 3), or one
standard was anzlysed twice (hence. last digit of 1) or three times
(last digit of 2 in the analytical nunmber), For the same purpose,
all samples were run in duplicate, Most major element compositions
are therefore averagzes of duplicate results. |
In rost cases, there was obvious masnesiun interference and this
affected the resulis., Also for the same element; most standards did
not calibrate well between ultrabasic and basic rocks, Hence,
sometimes, SiOs calibration or maznesium calibration split was done
during the dzta processing (e.s Tables A.7 (1) and 2.7 (2)., As
a result better totals, better flcures of merit, 2nd most
important, acceptable avera:e absolute errors and averaze relaiive
errors were obtained,
Also, in the major element analyses, some standards were run
a3 unknown alons with the rock samples.' The results are presented

[

with the equivalen®t pgcommended values in Tables A, 14
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The quality of the trace element data can be assessed by an

inspection of the Standardts data in Table A,12,

(c) Iura

Rare~earth elemen? compositions were détermihed by
inétrumental neutron activation analyses using Gemme-ray
spectroscopy. Approximately 0.1 gm of each rock powder (ground to

200 mesh) wes sealed in z small polythene capsule., - Each polythene

cofe - tube containing a maximum of 11 of these capsules, was later
sealed py éoldering. The. arrargement of the capsules in each core
- tube was noted, The first and the last capsules in every core
- tube contained an equivalent quantity (i.e 0.1 gm) of the
elemental standard, The core - tubes were then irradiated and
allowed to cool for a few days before counting was done. The
irradiated capsules were brought out of the core - tubes and placed
on an autometic sample changer and counting done through the link
control syétem using the conditions summarized in Table 4,1
(Appendix 3),

REE concentrations in ppm were claculated with the values for
multi-elemental standards shovn in Table A.2 (Appendix 3), using
the following foxrmula :~-

Sample integral counts wt, of elemental
Standard (Iig)

Results (ppm)

i

L X

Elemental Standard "wt. of sample (gn)
equivalent counts for ’

sample

where sample integral counts = intezral counts for the sample given
‘asprintout for the region of interest
set upr in the control unit, These
values zre dependent on conditions
in Teble A,1 (Appendix 3).

wt. of sample = 0.1 gm aprrox. for the whole analysi

In order %o determine the elexental standard equivalent integral

W

counts for the sample, the arransemcnt of the capsules containing

he 1rr adiated sample powders in the core ~ tubes must be known.



259

For example, the standard integral count, Std (1) can be calculated
from

8td (1) = st (1) + 8t (2) = St (1)

10
when St (1) = integral counté for elemental standard in position
1 of a core tube
St (2) = integral counis for elemental standard in position 11 of
the same core tube,
10 = total no, of spaces between one capsules and another in the
core ~ tube,
The value of St (1) is now spread over the integral counts for
samples contained in the capsule 2 to 9 of some core tube, in oxrder
to obtain.the elenental standard equivalent integral counts for them.
This is the correction due to flux variation. Since short counting
times were used, decay correction was not essential.

‘For a check on accuracy, BCR - 1 standard was also analysed
in duplicate as an unknovn, Ho.6 of Table A,3 (Appendix 3) gives
the average data for BCR - 1 obtained for this gstudy compared with
similar determinations by other previous workers. The REE data for

rock samples studied are shown in Appendix 3 (B & C).
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Table A.1 standard Na,0 & FeO values (Wet Chemical Analyses)

(1) Fe0
Standard
+91. (Phonolite)
' 2003 (Gabbro)
2005 (Russian granite)

NIM-N (Norite)

NIM-D (Dunite)

(2) Na,0

Standard

94 (Phonolite)

NIM-G (Granite)

vatue (i )
1.41
- 7.23
2.18
7.49
14.62

Recommended
valyge (wt. %)

7928
3036

Value, this

“work (wt. %)

1.4
7.01
2.16
7.49

14.60

Value, this

-~ work (wt. %)

T7.24
- 3.37

c9¢
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Table A,2 S5if2 Calibration Line =~ All concentration data  on volatile free .
(Ignited) Basis,

Analyticzal Standard Std, Calc, . ‘Abs, Rel, Error Corrected
~ No. . Conc, Conc. Error ‘percent CePaS
9460 NIN-D 38,57 38,57 «0,00 . =-0,00 4948,6
9463 NIlf-D 38,57 38,57, , =005 =0,13 4955,2
9410 - NIN-P 50,86 50,73 ~0,13 0,25 6509, 3
9413 NII-P 50,86 50,75 0,11 0,22 6511, 4
9430 NIN-HN 52,48 52,99 -0, 50 ~0,96 6798.5
9433 NTH-N 52,48 52,91 -0,43 -0.82 67891
9440 . NIN-T 53,98 52,93 1,05 . 1,95 6790,8
9443 NIN-L 53.98 52,99 0,98  1.82 6799.4
9270 BCR 54.84 = 54,92 -0,07 =-0,13 . 7045.8
9273 © BCR 54,84 55,10  -0,26 -0,48 | 7069.9
9470 PCC 44,03  43.44 0,59 . 1,34 557441
9473 . PCC 44,03 43,84 - 0.19 0,43 . 5625.4
‘9290 ) DIS 40,65 - 40,44 0,21 0,53 5188,6
9293 DTS 40.65 40,75  -0,09 ~0.23 5228, 2
9260 . W-1 52,66 52,99 ~0,334 -0,64 6799.1
9261 -1 52,66 53,20 ~0,54 - =1,03 6825,7
9250 AGV 60,16 60,63 =0, 47 ~0,77 777847

% 9253 AGV . 60,16 60,41 -0.25 -0.41 T7504 9
. 9450 NIN-S 63,68 64,44  =0,76 -1.20 8267.9
- .’9453 NIN-S 63,52 - 64,52 ~0,85 ~-1.33 8278.3
9240 GSP 68,01 68,37  ~0.36 -0,52 877147
9243 ~ GSP 68,01 68,20  -0,19 1 -0,27  8749.8
9210 -2 69.68  69.56 0,12 0,17 . 8924,6
9213 G2 69,68 69.86 -0,18 = 6,26 8963,0
9200 G-1 72,94 72,31 0, 64 0,88 9276.8
9201 G-1 72.44 73,18 =0,23 -0.32  9388.8

. 9420 © Nmu-G 75,99  75.23 - 0.77 - 1,01  9651.7

© " 9423 -G 75,99 75631 0,69 0.90 9662,2

Figure of merit = 0,69

Average Absolute error = 0,395

Average Relztive error = 0,68

Slope of Calibration Line. = 0,77942 E~02
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Table A,3 Ti02 C2libration Line - All concentration data én volatile free
(Ignited) Basis, : .

Analyticel . Standard Std, Calc, Abs, Rel. Error Corrected

No. Conc, Conc, Error Percent - C.R.S.
9460 NIN-D 0,02 0,02 -0,00 . =3.23 77.8
9463 NIM-D 0,02 0,02 ° =0,00 -3,32 77.9
9410 NIN~P 0,20  0.19 -0,01 5,08 711.9
9413 NIN-P 0.20 0.19 0.01 4,65 715.1
9430 NIH-N 0,20 0,19 0. 01 2,94 727.9
9433 NIM-N 0,20 0.19 0,01 4,24 . T18,2

* 9440 . NIM-L 0,50 0.50 0,01 - 1,33 11866,7
9443 NIM-L 0,50 0,50 0,01 1,31 18671
9270 BCR 2,22 2.23 -0,01 -0.28 8389.9
9273 . BCR 2,22 2,23 -0,01 -0, 44 8403, 7
9470 " PCC 0.01 . 0,01 0,00 0,03 37.7
9473 PCC . 0,01 0.01 -0, 00 -1,31 38,2
9290 DTS 0,01 0,01 0,00 15.29 31.9

9293 DTS 0.01 0.01 0,00 10,24 33.8
9260 W 1.07 1,08 =0,01 | 0,71 4057.6
9261 Wt 1.07 1.08 -0,01 -0,88 - 4064.1
9250 AGY 1.06 1.06 - 0.00" 0.15 3981.2
9253 AGV .06 . 1,05 0,01 0.44 3969,7
9450 NIN-S 0,05 0.05 0,01 1.83 185,0
9453 NIH-S 0,05 0,05 . 0,00 5,13 178.8
9240 GSP 0,67 0.66 10,01 1.85 T 2467.2
9243 GSP 0.67 0.66 0,01 0,95 " 2489.8
9210  _ G-2 0,50 . 0,49 0,02 3,37 1835.4
9213 e G2 0.50 0.48 0,02 4,83 1807.6

9200 G-1 ~ 0.26 0.26 0,00 0,93 974,5

9201 G-1 0,26 0.26 0,00 0, 49 978.8
9420 NIN-G 0,09 0.09 -0,00 4,82 355.5
9423 NIE-G 0.09 0,09 ~0,00" ~3,76 351.9

Figure of merit = 1,20

Average Absolute error = 0,006

Average Relative error = 3,00 .
Slope of Czlibration Line = 0,2653 E~03



Teble A, 4 h104 Calibration Lin

{Ignited) Basis,
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-

e - All concentrztion datza on volatile free

Analytical
Ko.

9460
9463
9410
9413
9430
9433
9440
9443
9270
9273
9470
9473
’ 9290
9293
9260
- 9261
9250
9253
9450
9453
9240
9243
9210
9213
9200
9201
9420
9223

Standard

NIN-D
NIN-D
NIN-P
NI:-P
NIM-K
- NIN-N
NIN-L
NIM-L
BCR
BCR
PCC
PCC
IS
DIS
V-1
Vo1
AGY
AGY
NIN-S
NI-5
GSP
GSP

T G2

G=2

G=1

G=1
NIN-G
HIli=G

std,

Conc.

0426

0.26
4,24
‘4,24
16,42

16,42

13.91
13.91
13.68
13.68
0.76
0.76
0.29

0,29

14,85
14485
17.35
17.35
17,20
17.20
15.35

15.35.

15,46
15.46
14.10

14,10

12.17
12.17

Calc,
Conc.

0,38
0,38
4.19
4.18
16,23

16,34

13.70
13.82

13,58
13.71.

0.74

0,74
- 0,26

0.29
15.01
15,12
17.26

17.37

17.31

14.99

15.18

15.36
1536
14.31
14.43
12,12
i2.18

Adbs,
Error

-0,12

"'0013

0.05

T 0,07

0.18

0.07

0,21
0,09
0.09
-0, 03
" 0,03
0.03
0,03

0,00 .
. "‘0. 16
=0, 27

0,09
-0.02

.=0,12

=0, 30

0.36

0,17

0,10
-0, 00
-0, 21
-0, 33

0,05
-0, 01

Rel, Error
Percent

. =47.,63
-49, 41
' 1,19

1.62
1.15
0.45
1.50
0,66
0,68
-0,23
3,29
3.33
10.96
0.16
-1.07
~1.81
0,52
-0,12
' =0.68
-1.73
2.35
109
0.66
-0,02
-1.50
=2,36
0.41
-0.03

Corrected
C.P.S.

41,5
42,0
458,2
456,1 |
1773.0
1785,0
 1497.0
1509, 7
1484.1
1497.8
80,6
80,6
28,2
31.6
1640,0
1651.9
1885, 4
1897.5
1891.6
1911.2
1637.4
1658,5
_16T7.6
1689.1
1563.4
1576.8
1324,3
1331.0

Pigure of nerit = 1,07

Average~ Lbsolute Zrror = 0,12

Average Relative Zrror

4,88

Slope of Calibraiion Line = 0,9153 E-02
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Teble A.5 Fep 03 Calibration Line - All concentration data on volatile free
(Ignited) Basis, . .

tAnalytical Standard Std. Calc, Abs, Rel, Error Corrected
No, Conc, Conc, Error Percenﬁ C.?,S.
9460 . NIM-D 17.03 - 17.18 -0,15 -0,88 23373.9
9463 NIL-D 17.03 17,30 ~0,26 -1,53 23525,4
9410 NIH-P 12,81 - 12,43 0.38 2,99 16906, 1
9413 NIu-P 12,81  * 12,47 0. 34 2,68 16961,0
9430 NLi-N 8,953 8,98 -0,00 -0.03 12215,5
19433 NIN-N - 8.98 9,13 =015 ° =1.69 12418,5 :
9440 NIN-L  10.21 10,19 0.01 0,11 - "13866,0
9443 NIN~L 10. 21 10,23  =0,02 -0,19 13908, 1
9270 BOR 13,54 13.44 - 0,18 1,34 18230,2 |
9273 . BCR 13.54 13.58 0.04 0,29 18473.4
9470 PCC 8.68 8,80  -0,11 -1.31 11966,0
9473 "~ PCC 8,68 8.81 = =0,14 -1.56 11994,7
9290  DIS 8,65 - 8.79 -0,15 ~1.69 11958, 4
9293 s 8.65 8,90 -0,25 -2.93 12104,2
9260 w-1 11,18 11.08 0,10 0.89 . 15069,4
9261 w-1  11.18 11.23 -0,06 ~0,49 15279.7
9250 AGV 6,90 6.83 . 0,07 1,07 9283:6
9253 AGV 6. 90 6.86 0,04 0.51 - 9336, 7
9450 NIM-S 1.44 1.44 0,00 0,01 1962,7
9453 NIu-S 1.44 1.43 0,02 . 1,06 1942,0
9240 - GSP 4,38 . 4,32 0,06 1.45 - 5872, 7
9243 GSP 4,38 - 4,32 0,06 1,45 5873.8
9210 -2 2,69 2,69 0. 00 © 0,15 365501
9213 - g-2 2,69 2,68 0.01 0.54 3640,7
9200 G-1 1.95 1.96 -0.01 -0,39 2661, 4

9201 G=1 1.95 1.96 =0.01  -0,29 | 2658,8

9420 NIl-G 1.97 1.98 ~0,12 . =0,78 2697.7
9423 NIH=-G 1.97 1.99 0,02 -1,23 2703,9

Pigure of merit = 1.21
- Averaze Absolute Error = 0,10
Average Rel~tive Error = 1,05
Slope of Calibraiion Line = 0,7352 E-03



Taeble A.6 1in0 Calibration Line - All

(ignited) Basis,

concentration data on volatile free
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Analyti§a1 Stangdard Stad. Calc, Abs, Rel, Error Corrected
No, - Conc, Conc, Error Percent C.P.S,
9460 NIM-D 0.21 0.22 -0,02 - 7.86 1483.3
9463 NIN=D 0.21 0.23 0,02 - 9,61 1507.3
9410 NIN-P 0.22 0.24 -0,02 ~10,47 1599.5
9413 NIN-P 0.22 0.24 10,02 - 9.32 1582,8
9430 FIN-N 0.18 0.19 ~0,01 - 4,75 1239.7
9433 NIN-N 0.18 0,19 . =0.01 - 5,39 1247.3
9440 NIH-L 0.78 0.76 0,02 3,12 4689.5
9443 NIN-I 0,78 0677 10,01 1,81 5057,0
9270 BCR 0.19 0.19 ~0,00 - 0,01 1256, 4
9273 BCR 0.19 0,19 0,00 - 0,57 1263.4
9470 PCC 0.13 0,13 -0, 01 - 5,06 86842
9473 PCC 0,13 - 0.13  =0,01 - 5,10 868.6
9290 DTS 0.11 0.13 -0.02 ~19,37 868, 1
9293 DTS 0.11 0,13 -0, 02 -18,00 858, 1
9260 1 0.17 0,18 -0,01 - 5,08 1181,0
9261 W1 0.17 0.18 -0, 01 ~ 5.42 1184.9
9250 AGV - 0.10 .0,10 -0,00 - ~ 0.98 674.3
9253 AGV 0,10 0.10 -0,00 - 2,66 685.5
9450 NIN-S 0,01 0,01 ~0.00 - 2,70 67.9
9453 NIl-S 0,01 0,01 0.00 0.09 6641
9240 asp 0. 04 0,04 ~0,00 - 8,40 286,7
9243 GSP 0. 04 0.04 ~-0,00 - =11.10 293.8
9210 G2 0.04 0,04 0.00 10,43 236,9
9213 -2 0.04 0,04 0,00 .-10,21 237,5
9200 =n 0.03 0,03 0,00 1.72 194.9
9201 G=1 0,03 0,03 0,00 2,12 194,1
9420 NIli=G 0,02 0,02 0,00 5421 125,3
9423 NIl-G 0.02 0.02 0.00 4,46 126.3

Figure of merit = 5,23

Average Absolute ZError = 0,008

Lverage Relative Error = 6.13

Slope of Calibration Line

.1513 E=03




Table A.7 (1) MgO Calibration Line -~ All concentration data on volatiie free

(iznited) Basis,

Analytical

9423

Standard

No.
9430 NIN-N
9433 NIM-N
9270 BCR
9273 BCR
9260 Wl
9261 V=1
- 9250 AGY
9253 AGY
9450 NIM-5
9453, NIH-S
9240 asp
9243 GSP
9210 G2
9213 G2
9200 Gl
- 9201 -1
9420 NINM-G
NIN-G

—

"Std.

Conc,

Te54
Te54
3.49

3449

6.62
60 62

1456

1,56
0,48
0,48"
0.97
0.97
0,78

0.78

. 0,38

0.38
0.05

. 0,05

Calc,
Conc,

7434
7.48
3.62
359
6.48
6.48

1,64

1,67
0,74
0.53
1.16
1.24
0.85
0,84
0.53
0.48
0,06
0,03

Abs,
BExrrox

0.19

0,06 -
"0014

0,10
0.14

~0,08 .

0.11
~0,26
-O' 53

w019 .

"'Oo 27
0,08
0.07

‘ R -0015

-0,09
0,02

' Rel, Errox

Percent

2,55

0,88

= 3,96
2486
2.14
- 2,09
- 5,09
- 6,85
~53,68 -
- 9.28
-19,71
 -28,18
;10.01
- 8,82
- =39.86
~24,34
~13,92
40,15

Corrected
C.P.S.

126.,0

128.2
62,2
61.6
111,2
116.0
28,1
28,6
12,7
9,0

" 19.9 -
21.3
1446
14.5
9.2
. 841
1.0
0.5

892



Table A.7 (2) MgO Calibration Line - All concentration data on volabile
free (ignited) Basis.

N

3

Analytical ~ Standard  Std. Calc. ‘Abs. ~ Rel. Error Corrected

No. . Conc. Cone. Error Percent’ -C.P.S.

9410 NILP  25.12  24.735  0.402  -1.60 | 231.3'
9412 | NIM-P 25.12  25.55 =0.429 1.7 . 239.1
9462 NOED 43.09 43.09 ~0.003 20.01 403.2
9470 PCC  45.48 45.67 -0.19.  -0.41 427.3
9472 PCC  45.48  45.91 =0.44 -0.96 429.6
9290 DIS  49:70 48.72  0.99  1.98  455.8
9295 DIS . 49.70 50.04 =0.335  -0.6T  468.2

. Figure of merit = 0.98 )
Average Absolute Error = 0.397
Average Relative Error = 1.05

Slope of Calibration Line = 0.1069 E+00

692
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Table A.8 C20 Calibration Line -~ All concentration data on volatile free °
{iznited) Basis, : .

Analytical Standard Std, Calc, - Abs, Rel., Error Corrected
No. Conc, Conc, Error Percent C.P.S.
9460 . NIN-D 0,26 0,30 -0, 04 ~-14,98 311.4
9463 . NIM-D 0,26 0,30 0,04 ~16.51. 315.6
9410 NIN-P 2,65 2,63 0,03 - 1.01 2767.6
9413 “HIM~P 2,65 2,62 0.03 1.24 2761.4
9430  NIN-N 11,43 11.51  ~0,07  =0,63 12126,1
9433 NIM-§ 11,43 11,50 0,06 . -0.55 12115,9
9440 ' NIN-L 3.27 3.24 0,03 © 0,94 3414,0
9443 . NIE-L . 3,27 3.23- 0,04 1,15 3406, 6
92710 BCR 6.98 7,02 -0, 04 ~=0,55 7395.7
9273 "~ BCR 6.98 6.99 -0, 01 ~0.15 7366,2
9470 PCC 0.55 0,59 -0, 03 ~6.05 619,2

9473 PCC 0.55 0.59 . =0,04 ~7.00 6247
9290 DTS 0,15 0,15 0, 00 0,07 158.0
9293 1S 0,15 0,15 ~ 0,00  : 0.12 57,9

9260 w-1 10,97 - 10,94 0,02 0,21 7 11533,2
9261 W1 10,97  10.93 0,03 0,30 11522,9
9250 ~ AGv 5,04 4.98 0,06 1.24 5242,8
9253 - AGV 5,04 4.98 0,06 1.12 5248,8

9450 NIl-S 0.68 0.73 - «0,05 ~Te49 TT1.4
9453 NI-S - 0,68 0.74  -0.06 - -8,42 - T78.1
9240 - GSP 2.04 2,01 . 0,03 1.45 2119.7
9243 GSP .~ -2404 2,02 0,02 © 0,92 2131.2
9210 -2 1.99 1.94 0.05 2,59 2047,0
9213 G2 1.99 1.94 0, 06 2.83 2042,0
9200 G=1 1.40 1.35 0,04 3.09 . 1425,7
9201 - @1 1,40 1.36 0.04 2,84 1429.4
9420 NIM-G 0.77 0,79  -0,01 1,69 828, 4
9423 NIL-G 0.77 0,79 -0,01 «1,76 829,0

Pigure of merit = 1.05

Average Absolute Error = 0,36

Averaze Relative Error = 3,10

Slope of Calibration Line = 0,943% E=03
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Table A.9 Kp0 Calibration ILine -~ All concentration data on volatile free
(iznited) Basis, '

Anelytical . Standard Std. Calc, Abs, - Rel, Zrror Corrected
No, . : Cone, Cone, °~ Error = Percent C.P.S.
9460 NIH~-D 0,02 . 0,02  =0,00  =14,86 31,9
9463 © NIM-D 0,02 0.02 ° 0,00 0,08 27,7
9410 NIL-P 0,09 0,09 0,00 0.55 122,8
9413 NIM-P 0.09 0,09 -0,00 =~ 1.35 125,71
9430 NIN-N T 0.25 0,21 0,04 14,71 , 294,6
9433 NIN-N 0.25 0,22 0.03 13.79 297.8
9440 NIN-L 5,66 5,54 0.12 - 2,15 6858, 3
9443 NIN-1 5,66 5,58 0,10 1.79 6853, 1
9270 -~ ° BCR 1,68 1.75 -0, 07 - 3.89 2421,0

9273 - BCR 1.68 1,74 =0.06 - 3.83 2419,7
9260’ Vi1 0.64 0,66 -0,02 - 3,60 918,3
9261 W1 - 0.64 0.66 ~0.03 - 4,26 - 924,1
9250 AGY 2,95 3,02 0,07 - 235 . 4191,0
9253 AGV 2,95 3.03 0,07 - 2,49 41971
9450 NIN-S 15.43 15,40 . 0,03 0.22 21361.5
9453 NIN-S 15.43 15.46 -0.03 - 0,18  21447.6
9240 GSP 5¢59 5,64 -0,05 - 0,84 7816.7
9243 GSP - 5,59 5,63  =0.04 - 0,78 7811.8
9210 -2 4,55 4,56  -=0,01 - 0.14 6323,6
9213 ~ G-2 " 4,55 4,58 *© =~0,03 - 0,56 6350.1
9200 G-1 5450 5,60 ~0,09 - 1.68 . 7761.6
9201 G-t 5.50 5.60 . =0,10 = 1,80 T7771.0
9420 -G 5,06 5,07  -0,02 - 0,30 - 7037.1

. 9423 -G 5,06 5,08 -0,02 - 0.33 7039.5

Pigure of merit = 1,30

Averaze Absolute Error = 0,05
Average Relative Error = 3,34
Slope of Calibration Line = 0,7209 E~03

*



Tabie A.10 P

-

(ignited) Basis,

272

O Celibration Line - All concent~ration data on volatile frge

Analytical
No,

9460
9463.
9410
9413
19430
9433
9440
9443
9270
9273 -
9260
9261
9250
9253
9450
" 9453
9240
9243
9210
9213
9200
9201
. 9420
9423

.Standard

NIN-D
NIi=D
NIN-P
NIK-P
 NIH-N
NIN-N
NII-L
NIN-L
BCR
BCR
W1
Vet
AGY
AGY
. NI~
NIN-S
GSP
asp
G2
-2
G-1
C-1
NG
NT1~G

Std.
Conc,

0.03
0.03
0.02
0,02
0.04
0.04
0.07
0,07
0,33
0.33

.0.14

0.14
0.50

0,50

0.14
0.14

- 0,28

0.28
0.14
0.14
0,09
0.09
0,02
0,02

CaIC. .

Conc.

0,01
0,00
0,02
0.03
0.04

0,04 -

0,07
0.08.
0.37
0,36
0,16
0,16
0.48
0.43

0.14

0.14
0.28
0.28
0.14
0.14
0.09

0,07

0.02
0,02

Abs,
Error

0,02

0,03
0,00
-0,00

0.00
-0,00
0,00
0,00
-0,04
0,03

=0,02

0,02
0,02
0,02

0,00

0.00
0,00
0,01
0.00
0,00

«0,00

0,02

~ =0,00

0,00

Rel. Error
Percent

73.96
85,82
-11,10
=34.76
- 9.55
- 3.80
- 3.17
c= 5420
-10,89
- 8,01
~15.41
~16,93
. 4.54
3.46
1.38
2.41
0.23
2447
0.95
2¢39
- 0,02
26,09
- 0,33
1,96

Corrected
C.P.S.

3.1
1.7

. 8,9
10,8
14,4
16.6
29.6
30,2
146.0
142,2
64.5
65.3
192,0
194,2
55,1
54.5
112,7
" 110.1
55,7
54,9
35.9
26.5
8,0
7.8

Pigure of merit = 7,13
Average Absolute Error = 0.01

Average Relative Zrror

13.53

Slope of Calibration Line = 0,2506 E-02




" Table A.11 Major element composition for AGV, BECR, G-1,

wte %

Si 02
T4 02
‘Al 03
Fe 03%
In O
ﬁgo i

{ Cal
Na 20
X20
P2 05

Recommended. Value, This Recommended Value, This Recommended Vélue, This

value

60,16

17435,

6.90
0,10
1.56
5,03
4,34
2,95
0,50

AGY

|
i

work,

60,87

1,07.

1752
6,93
0,10
1.92
5,02

4.34

3,05

0,49

value

54.84
2,22
13,68
13,62
0,19
3449
6.98

329

1.68

0.33

BCR

work -

54,45
2425
13.49
13,60
0,19
3.T0

7.02

3.29
0.37

value

T2.94
0026
14,90

1095 )

0,03
0.38
1440
3.33

5450

0.09

G =

1

work

72,11
0.26
14,17
1,93
0,03

- 0.43
1.34
3433
5.57

0,09

* {otal iron as Tep 03,

¢lLe



Tablo A,12 XRP? 5

3

TANDARD TRACE CLZUZn? DATA (ppm)
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- | Standard

e
BCR
AGY
GSP
(]

| G2

ms
RI¥-N
KIU-P
mies
NII:I-L

NI

NIN=D

Cr R
14 76
120 18
120 15
123 - 13
1B 16
16 13
1% 13
% 15
12 19
13 17
15 19
12 1
3 1
13 -
15 -
12 1"
20 1
20 -
\31 -
33 22
7 S
9 -
15 - -
9 4
‘2864 2454
3158 2638
2131 -
2964 2667
4008 2274
388 2441
3Ny -
3731 2564
40 18
34 120
124 113
138 109
- 470
- 600
- . 603
13 8
12 8
1 s
16 4
21 1
15 10
6 3
7 4
12 "
15 -
13 -
17 4
2080 2105
2766 2263
2003 =
2070 2223

Cu

110
110
115
118

18

.13

20
21

" 60

64
55
56

L)
35"
33

36

13
13
13
15

‘12

1n
17

16

12
12
12
1"

N~

13
13
18
17

17
14
22
17

23
19

24
25

15
15
12
16

15
3

14
12

Zn

g6

86
83
81

120
120
118
120

85
85
84
83

99
99

105
99
45
45
43

86
86

92
87

38

38
&7
4
15
45
48

4T

80
85
. 62

100
100
109
103

21
20
15
1“

320
287
433
426

.60
60
51

. 49

90
90
91
85

Zr

105
105

86,95 -

85

191
186
184
186

227

222 -

239
215

506
505
501
512

211
21
215
218

302
302
306
313

25

"
L S

20
20

16

30
30

23

Rb

21
21
21
22

47
4
47
48

63

68
30

70
257
253
259
256

221
221
219
216

169
m

167

(- |

O - = -

188
20
190
197

H1
337
30

Sr

190
190
19
189

331 .

Mn
n
336

662
665
657
670

236
233
, 237
236

251
251
252
257

432
488

479
478

R

Th

N =3 N NN e DN

104

104

15
50

45

24
24

25
21

T
12

51,

62
57
60

-~ 0O -~ Oo°f

Y

25
25
25
25

37
45

3

21
26
21
25

N
J2
32
32

13
13
14
15

12
12

12
13

~
-
-

176

" 2a

" 460
160
151
157

- 877
682
114
672

1218
1210
1174
1241

1314
1314
1346

£ 1347

1205 -
1205

1001, 1012

985

18831
1863
1842
1884

NN Ot

265
240
266
270

400
411
403
40.4
126
126
122
126.

W¥BY

17
17
21
1%

36
34
44
40

k)

33

3

10
13

225
220
174

- 168

224 .
2438
218 .

218

181
81
70 -
n

o -3 NN

65

42
33
35

SN BN e W e WS W N e E W -

oW N A W NS B W R EWR s e R

e o N e e WY =

4 Line

S W N -

Line 1 = values of
Planagan (1973)

Line 2 = values of
Abbey (1973)

Iine 3 = values of
R. Parker (unpublished}.

line 4 = values from
this work,
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B - SAMPLES' DATA.

Classification based on lineralogy



SANPLE KO.

- Bi02
Tio2
Al203
Fe203
FeO
¥n2'’
Mg0

, Cal
Fa20

K20
P205
1oL
H20 |

TOTAL

Oxidation Ratio
FeOt/Fe0t + MgO
CaO/AlZOBA

Ne /K

Qz
Co
Or
1

Lb
An
Hy
Mt

11
Ap
Di

276

LB 40

(71,40
0,04
12,43
0.01
0,77
0.02
0,44
3.45
4,13
0,23
0.03

. 0,60

0,04

©.99.72

, 1615
0.64
0,28

16,11

44,45

1.36

49,65
34,95

1-14.70

1,55
0.01
0,08
0,07
1.85

QUARTZ -~ FELDSPATHIC GHNEISS
L¥B 41 1B 54 LNB 61 LNB 83
72,25 70,76 73.64 70,23
0,15 0,22 0,16 0,23
0.38 0.16 - 0,14 0. 21
4,49 1.64 0,83 1,97
0.09 .0.03 0,01 0,40

1,70  0.87 . 0,50  1.04
3.49 2,9 1,03 2,52
3.38 5,73 2.29 5.98
0.43 1.50 6,06 = 2,39
0,03 - 0,08 0,04 0,10 .
2,17  0.63 0,52 0,60

0,11 0,05 0.05 0,07 -
100,54  99.74  99.01 100,68

14,87 8,07 12,34 8.76
0,74 0,67 0,67 0,31
0.31 0,20 0,08 0,16
6.94  3.39 0.34 2,22
CIPW _ NORNS ‘
37.99 23,77  33.71 18,76
- - 151 -

2.54 8,86 35,81 14,12
43,18 59.59  24.23 58,50
28,60 48,49 19,38  S0u60_. .
14,58 11,11 4.85  7.90

11,00 3.47 2,52 4,76

0,55 0.23  0.20 0.3

0,28 0,42 0,30 0.44

0.07 0,19 0,09 0.26

2,14 2,54 - 3.25

MAFIC
GITEISS

LEB 57

52,84
0,70
15.98
1.72
6.72

0,17

4,11
11,00
2,18
2,14
0.32
1.49
0,06

99.42

18,70

0.66

0,69

0.9

3,99
12,65
45.94
18.45
27.50

. 10.07

2.49
1.33
0,76

20,66

FELDSPATHIC
GNEISS

INB 74

66,82
0,12

18,14
0,14
0.60
0.11
0.53
1.97
4,44
5,95
0,06
0,94
0,03

99.78

17436
© 0.58
0. 11
0,67

13.01
0.96
35.16
46.95
37.517
9.38
2,14
0, 20
0.21
0.14
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145,10

INB 40

5. 70
2,40
195,60

2,00
14,90
5.90
13,50
789,00
10,00
- 13,00
0,01
60,50
0.74

44.40

8,03
22, 41
25,16
469,57

0.04

. 0,50

+268,93

INB 83

LNB 41 INB 54 - 1LNB 61
Trace Elements in parts per million -
5.20 14,00 4,30 22,00
11,30 8.60 4,30 8,20
9,90 22,20 78.70 84,00
98,80 430,20  277.70 363,90
153,70 2,90 2.10 2,20
293,30 71.20 260,40 45,90
113,10 857,30 '~ 1248,50 834,90
11.10 2,30 6.80, 3,00
137.90 27,40 25,30 46,10
3.70 22,80 ° 15,10 18,70
5450 24,20 14,00 22,40
363,00 559,00 639,00 237,00
37,00 29,00 181,13 55,57
31.49 14,48 40,29 23,78
" 0,10 0,05 0,28 0.23
11.42 38,62 15.86 9,94
1.14 1,99 - 4,50 2,29
162,40 7298,00 2523,81 8190,00
NIGGLT VALUES
5. 47 41,62 47.81 39.69
45,10 - 13,15 ° 9,52 16,24
25,35 14,81 6455 11.87
24,08 30,42 36.12 32,19
489,88 330,54  437.09 308,78
0.08 0.15 0.64 0.21
~0.38 0. 46 0.46 0,42
+349.38 +108,87  +192,62 480,02

LNB 57

152,30
66,60
22,50

- 345,50

- 22,00

212,40

895,00

0.50
88,50
T.90
177.80

791.00
51.52
19.89

0,07

39.78._

2,59
3600, 00

24,88
34,80
31,13
9.19
139.58
0.39
0.46
42,83

LNB T4

14,70
7,20
60,10
631.40
4,60
154,40
5464,50
3.40
14,40
5,10 |
115,40
822,00

" 18,28

9,05
0,10
90,92
8.65
3062,00

48,01
6031
9.48
36,20
300,09
0.47
0,56

+ 55,29




SAMPLE IO,

5102
Tioz
41203
Fe203
Fel
KnQ

Ng0

Cal
Na20
X20
P205
TIRI
H20
TOTAL

Oxidation Ratio
Pedt/FeBt + g0

Ca0/A1203
Na/X |

Qz

Co

or
P1

LN

Il
Ap

27&3

BIOTITE SCHIST

LEB 9

56,88
0,67
15,03

0,21

7.68
0.13
5.38
6.04
1,96
2,39
0.24

1.89
0.13

98,63
2.40
0.59
0,40

0.75

10,80
14,12
41,74
16,58
25.15
25,14
10,30

1,27

0,57

2.68

INB 37 INB 19
54,98 7587
0,79 0,13
16,64 11.87
0,68 0,05
9.90 1,54
0,26, 0.04
5,10 1.13
3.48 1,34
.11 . 2,20
4,11 4431
0.29 0,03
1434 0.98
- 0,05
99,87 99.54
5.82 3,00
0,67 0,58
0,21 0,11
0.24 0. 45
CIPW  NOBMS
10,92 40,90
4.73 1,22
24,29 25,47
24,76 25,07
9.39 18,62
15.37 6,45
29,47 5.46
0.99 0.07
1,50 0,25
0.69. 0,07

QUARTZ = BIOTITE SCHIST

INB 24

70,55

. 0,47
15,20

0,12
1,80
0.03
1.21
2,79
3,05
2.79
0,08
1,06
0,10

99,25
5,65
0.61
0.18

0.97

33,44

2.28
16,49
39,13

.25.81 -

13.32
5.50
0.17
0.89
0.19

ILNB 25

74.99
0. 16

12,03

0,18
1.90
0,04

1432

2,90
3.28
1.09
0,09
1.50

0,09 .

99.55
7084

- 0,61

0.24
2,73

42,45
0.42
6,32

41,55

27,55
13,80
6.44
0.20
0.30
0.21

LNB 94
T5.48
0.27
9,21
0.27
5.29
0,12
2,19
1.48
1.48
1,82
0,03
0,62
0.05
99,00
3.15
0,72
0,16
0,73

49,30
2,17

10,75

19,72
12,52
7.20
14,72
0.39
0,51
0,07




e

Cr
ni
Rb
S5r

Zr

Th

Cu:

K/Rb
X/Sr
K/Ba
Rb/Sr
Ba/Rb

‘Ba/Sr
 Ca/Y

al

fm

alk

si

"

279

INB 9

216.70
82,50
41,90

582,10
20,70

274,90

1110,50
1.50

245,90
73.40

130,50

473,00

34,01
17.83
0,08
26,50
1.91
2101,45

26.47
43,96
19.34
10,23
169,98
© 0,45
0.55
+29,05 _

1

1MB 37 LNB 19  L¥B 24
Trace Zlements in parts per nmillion
145,00 1,00 20,10
46,30 3.60 11,40
112040 | 48,60 48,70
187,40 224,70 432,50
71440 18,40 0,50
125,90 364.20 279,40
. 1157.50 1629,80 2971,70
11.80 - 0,20
172,40 43,90 49,50 -
24,50 8,90 12,80
176,40 4,10 44,20
304,00 737.00 476.00 .
182,00 159,32 53.64
29,50 21.48 7.81
0,60 0,11 0,05
10,30 33,53 61.02
6,18 7,25 1.31
348,50 521,74 40000, 00
NIGGLI - VALUES
28,97 42,71 44,85.
49,09 18,61 17,03
11,02 8.78 14,83
10,92 29,85 23,56
162,45 463.87 -350,87
0,71 0,56 0,38
0,46 0,55 0.53
+18,75  +244,48 +156,65

LNB 25

20,10

8,20 °

21,10
444,10
- 14,20
277.60
609,90
58, 30
12,00
33.50
422,00

14.59
0,22
28,91
137

1415.49

39.86
20.95
517.47
21,72
421,66
0,18
0,53

+234. 80

LB 94

13,30
8,60
32,80
107,90
201,90
483,40
589, 60
3,00
78,90
11.80 -
25,30
464,00
141,00
25,57
0,30
17,98
5.46
52,77

30,82
45,38
9,06 .
14.74
428,56
0. 45

0. 41
+269,61




SAIPLE NO,.

o si02
. 302

N 41203 .-

Pe203

— Fel

o

g0

Cal

A " Na20
- - K20
P20S

Lot

H20

- TOTAL

Oxidetion Ratio
PeOt/Felt + g0

€a0/41203
Na/K

Qz

Co
or
Pl

5EE 3

Il
Lp

280

INB 30

51.18
1.10
16,05
2,80
10,80
0.25
5. 06
8.51
3.17
0.40
0,14
10637
0,07
99.90
18,88
0,72

0.53

7.07

1.26
2,36
55.21
26,82
28,30
23,28
4,06

2,09

0,33
10,78

HORNBLENDE GNEISS

LNB 31 INB 32
51,30 - 52,71
~ 0,95 1.11

15.65 14,61
2,75 " 3,00
10,40 11,50
0,20 0.19
5.30 4,61
8,60 8,87
3.30 3.28
0.40- 0,38
0.13 0,16
0.33 0.28
0.07 0.06
99.33 100,76
19.17 18,97

0,71 0.75 .
0.55 0.61
7.36 TeT7
© -CIPW NORMS
0.79 3.03
2,36 2.25
54,50 51677
27.92 27.75
- 26,57 24,02
22,51 20,66
3.99 4,35
1.84 2,11
© 0,31 0.38

° 12.68

15.89

INB 34

49,10
2.12

12,79

4,80
17.30
0.26
4419
7.77
1,69
0.28
0.29
0.31

0.06

100, 34
19.94
0.84
0.61
5. 38

7.03
1.65
40,79
14,30
26,49

30,81

6.96
4,03
0,69
8,66

INB 56

51.05
0,41
14,79
1,05
8.44
0.18
8.68
9.89
2,59
0,73
0,07
2,05
0,10
100,07
10,07
0,52
0,67
3.16

4,31
48,44
21,92
26,57
18,07

.52

0.78

0. 17

17.99




Cr
Ni
Rb
Sr

Zr

Th

K/Rb

X/Sr

K/Ba
Rb/Sr
BA/Rb
Ba/Sr
Ca/Y

281

LB 30 LNB 31 LNB 32 . INB 34
Tracz Elements in varts per million

57.30 71430 23.40 48,90

29,80 33.40 18,20 16,40

- 3.40 1.60 -3.40 0,30

237,20 240, 30 208,80 175,20

35.60 36.10 34,60 68,60

174,90 177.20 194,50 196,20

276,10 266,40 134,00 246,80
0,10 ~1.80 0,90 -

139,30 135,40 147,90 187,80

2,00 - 110,50 1,30

" 230,10 219,80 237,40 317,70

971,00 2063.00 941,00 7653.00
13.91 13.73 T715.32 13013
11.95 12,39 23.88 9,32

0,01 0,01 0.0 0,02

81.21 166,50 39,42 822,67

1.16 1.0 0.65 1.41

1721.91 1714.68 1846,82 . 814,89
NIGGLI VALUES '

' 23.18 22,59 21,29 7.85
46.31 46,28 . 46,75 58,13
22,35 22,64 23,50 19.72

8,16 | B.49 8.46 4,30

125,45 126,05 130,33 116,28

10,08 0,07 0,07 0,10
0. 40 0,42 0. 36 0,25
-7.18 ~7.90 -3.51 ~0,93

. INB 56

94,30
34.40
6.80
108,50
10,90
13.30
90,90
2.80.
57410
12,70
186,10
888,00
57,00
67.11
0,06
142,08
8.24.
6429,00
20,16
48,44
24,51
6.88
118,10
0,16
0, 62
-9.45




282

. BIOTOTE - MUSCOVITE - GARNET GNEISS

SALPLE NO. LNB7  INBE OINB12 1INB 16 INB 22 1B 33 LNB 35- INB 36|
5102 60,19  -61.15 60,78 61,27 58,49 61,70 61,95  61.15
7502 0,71 0.62 °© 0,91 0,63 0,63  0.66 0.65 0,66
A1203 17.06 17,87 17,18 16,16 19,53 16,07 16,08 16,76
Fe203 0,65 - 0,29 0.45 0,30 0,28 0,76 0,76 0,37
FeO 5,45 5.11  5.36 5.34 4,72 5,48 5,48 6.08
Mno 0,17 0,09 0,12 = 0,08 0,06 0,08 0,08 0,09
ug0 . | 3.26 3.58 2,41 3,20 2,88 3,00 2,60 2,60
Cal 4.24 3,76 4,76 4,30 4,26 5.,50- 4,95 4,96
Naz0 . | 3.57 2,24 3.1 3.79 4,55 4,04 3,86 3,83
%20 2.35 3.65 2,63 1.79 268" 0,82 1.0 1,04
P205 0.19 0.3 0.28 0,23 0,33  0.23 0,22 0,24
101 1.84 1.80 1,60 . 2,06 0,89 - 0,88 1,65 1.70
H20 0,13 0,09 0,11 0,17 - 0,10 0.1 0,10 0,12
TOTAL 99.22 100,69 99,71 99,32 99.64  99.33 99,39 °© 99.60
Oxidation Ratio | 9.67  4.84 7,01 4,80 - 5,05 - 11,57  T.5T 5,18
Peot/Feot + M0 | 0,65 0.60  0.71 0.64 0,63 0.67 . 0,70 0.71
Ca0/A103 0.25 0,21 0.28 0,27 0,22 0,34 0,31 0. 30
Na/K 1,35 0,55 1,06 1,73 1.52 4,04 3,40 3,28

CIPW _ NORMS - .
Qz ] 4,53 - 18,09 15,89 15,09 5.86 16,12  17.95 16,54
Co - 4,33 1,23 0,72 2,19 - 0.16 0,89
or . h3.87 21,57 15.54  10.58 15,84  4.85 5,97 6,15
P1 60.15  35.06 48,10 51,90  57.48 57,48  5S5.78 55,45
Ab 43,75 18.95 26,32 32,07 38,50 . 34,19 32,66 32,41
An 16,40 16,11 21,79 19,83  18.98 23,29 23,12 23,04
Hy 15,34 17.20 14,19 16.64 14,68 14,94 14,99 16,41
ut 0.94 0.42 0,65 ~ 0,43 0,41 1,10 1,10 0,54
11 1.35 1,8 ° 1,73 1.20 0,20 1.25  1.23  1.25
Ap 0.45 0,92 0,66 0,54 0,78 2,54 0,52 0,57
Di 2,81 - - - - 2,07 - -




Cr

ni

X/Rb

X/sr

K/Be

Rb/Sr
Ba/Rb
Ba/S»
Cal/Y

alk
si

Mg

283

LEB 7

86,60
47.90
37.50

554 60

963.50
256,30
14.70
110, 00
520,00
35.16
20,23
0.07
25,70
1.74
4552, 24

33.96

15.34
16,75
203,30
0.30
0.48
+36,29

6,70

33,95

IrB 8

“INB 12

INB 16

LNB 22

Trace Elements in parts per million,

+48,99

104,30 98,50

45,90 60,90 °
85,70 _ 49.10
478,40 448,80
14,90 29,30
1498,40 856,50

2,10 - 1,50
179.20 143,30
4.50 53.80
131.80 142,90
354,00 444,00
63.34 48,57
20,22 25,45
0.18 0,11
17.48 . 17.44
3.12 . 1.91
1818,79 117065
. NIGGLI _ VALUES
36,36 36,51
34,20 29.95
13.91 17.94
15,54 16.50

211,13 213,78
0,52 0,36
0.54 0. 42
+47,76

85,30
35,60
24,20
409,90
14,90
852,10
0,40

110,1G -

22,60
100, 40
616,00

36,35

17.28
0,06
35.62
2,10

" 2080, 54

33,44

33,46
" 16.18
16,91
215,17
0.24
0,50
+47,52

31,60
24,90

55.40
483,70
92,00

1210,00

98,30
© 24.40
35.10

401,00

-~ 45,90

18.35
0,11
21,84

2.50
3411.11

37.49
127,70
14,87
19.94

190,55

0,28
0.50
+10,80

LNB 33

86, 00
27.90

16,50
508, 00
98,10
33.90
100,10
319.00
12.45

13.39

0, 04
23.85
0,93
2400, 00

32,11
32,87
19.98
15.05
209,18

. 0,12
R

+48,97

LNB 35

~

" 79,70
41,50 .

15,90
419,00
13,10
401,40
1,20
84,30
69,10
103,60
528,00
20,05
20,95

0,04

25,35
0.96
- 2717.56

33.53
32,19

18,76

15.52
219,19
0,15
0.43
+57.11

LNB 36

7530
35.60
16.30
468,10
13.50
437.90
0.10
84,90
50, 60
96,10 -
528, 00
18,37
19.64
0,03
26,87
0,94
2644, 44

34,20
32,25
18,40
15.15
211.73
0,15
0.42
+51,12




SAIPLE NO.

Sip2
Ti02
Al203
Fe203
FeO
0
g0
Cal
Na20
K20
P205.
~ IoI
- H2o
"~ TOTAL
Oxidation Ratio
Feot/Feot + MgO
Ca0/A1203
Na/K

Qz
Co
- Or
P1
- Ab

Y
Il

284

LNB 38

78.94

0.11
10,21
0,08
2,87
0,10
0,88
2,66
1.64
1,19
0,04
0.53
0.05

0.76

0, 26
1,22

55059
1.48
7,03

26,81

13.88

12,93

7.38
0.12
0.21
0.09

QUARTZITIC GNEISS

INB' 39 INB 44
81,76 - 81,50
0,11 0.11
9.82 9.14
0, 01 0,03
1,00 1,15
0,03 0,02
0443 0,44
1.17 2,82
1,64 1.33
© 2,37 1.36
0,03 0,03
0,91 1,05
0,05. 0,05
99,43 ‘99,18
0,89 2,29
0.70 0.73
0,12 0. 31
0,61 0,87
CIPY - - NORUS
© 59.25 61.09
2,49 0.42
14,00 8,04
19,49 25,05
13.88 11.25
5461 13,79
2,90 . 3,04
0,01 0.04
0,21 0.21
0,07 0. 07

- 0.1

0,03

16,66
- 19,33
. 15,06

- 1.76

emnnn ...‘.'...?.

LNB 50
81.21

10.04
0,02
0.50
0.28
0.21
0.90
1,78
2,82

0,95
0,07

99,00
3.47
0.71
0. 09
0,56 -

STe34
2,49

4,217

0.03
0.21
0,07




Cr
Ni

Rb.

Sr

Zr

Th
Zn

Cu_

X/Rb

K/Sr

K/Ba
Rb/Sr
Ba/Rb
Ba/Sr
Ca/Y

al
fn

alk
i

®

285

LNB 38

5.00
6.00
32,50
74.30
90, 40
222,40
1019,10
13.80
61,80
7.30
6,40
304,00
460,00
9.65

0.44

31,36

13,72

411,50

39,96
25,51
18,93
15,60

524,26
10,32

0,34
+361.86

LB 39 INB 44 .
Trace Elements in narté'per millibp.

7,20 5,20 9.80
10,90 11,30 6,80
41,60 50,20 45,70
98, 40 63.70 118,50

116,80 78,70 32,00

235, 30 " 208,90 248, 40

923,20 640,30 1027,70
11,40 12,20 4,00

958,70 567,60 20,10
17.50 5.60 7.20

. 3,60 =60 6,20
- 472,00 226,00 513,00

200,00 178,00 197,00

21,28 17,59 22,76
0,42 0.79 0,40
22,19 12,75 22.49
9,38 10,05 . B.6T
71,62 256420 201,10

. me VATUES ' .
49,64 44,07 51,87

12,97 13,56 8.69
10,76 24,72 8.55
26,63 17,65 30,90

702,03 667.11 711.96

0.42 0,40 0,51
0,42 0, 40 0,32
+495,51 +496,52

+488, 37




SANPLE NO,

Siv2
17102
A1203
Pe203
Fe0
. MnO
1g0
Ca0
Na20
K0
“PAS
101
HD
TOTAL

Oxidation Ratiq
FeOt/Pedt + g0

Ca0/A12:B
Na/K

Qz
Co .
or
Pl

Ab
An
Hy

ut
T

Ap
Di

286

QUARTZ-IIICA SCHIST

LKB 43

76,41
0,13
12.23
0.06
1.54
0.05
0.72
2,63
2,84
2.12
0.04
0.72
0.08
99.75
3.39
0.69
0.22

0.77

43,76
0.56

12.53
36,87

24,03
12,84
4.45
0,09
0.25
0.0%

LNB 76

“T3.47
0.27
13,61
- 0,07

2,00

0403
1.12
1,23
4,26
2,13
0,04
1.14
0,19
99, 56
3.05
0,50
0,09
1.78
CIPW
34,88 -
2.16
12.59
41,89 .
36,05
S.84
6,01
0,10
0,51
0.09

QUARTZ-

MAGNETITE- ~

GHEISS
LNB 90

56,89
0,51 -
12.23
3.23
16.28 -
0.18
3,80
1.77
0.10 -
0.63
0,02
3.93
0,03 -
99,68
15415
0.83
0.14
0.14

NORHKS

32.36
8024

3.12
9.43
0.85
8.85

36,18
4,68
0.97
0.07

QUARTZ - GARUET-

- HNICA

LNB 42

78. 11
0.13
10,68
0.02
" 1.46
0.03
0.45
0.85
1.56
5,29

0,04 .
. 0.42

0.03
99.:21

1622 .

077
0,01
0‘ 26

. 45,31
0,95
31.20
17.16
13.20
3.96

© 3,63
0.03
0,25
0,09

GNZISS

1

LNB 49

76457
0,04 .
13.02
0.11
0.44
0.01
0,02
0.08
0.58
8.19
0,04
0,71
0.02
99.88
18.37
0,60
0.01
0,06

41.46
3,15
48,40
5606
4,91
0.14
0.73
.0.14
0.08
10,09




Ni
Rb
Sr

Zr

Th
n

K/Rb

K/sr

K/Ba
Rb/Sr
Ba/Rb
Ba/Sr
Ca/Y

al .

alk
.8l

® "

q2

287

L¥B 43

6, 30
7.20
90,10
110,60
94,60
217,80
393.70
14,90

29, 9

4,10
4,30
196,00

159,00

44,72
0,81
4,37
3.56

198,70

43,44
14,76
17,05
24,75
460,59
- 0,33
0.44
+261,60

LﬁB 76 - 1NB 90

LB 42

LNB 49

Trace Elements in varts pver million,

32,60 70.90
12,90 15,30
43,00 7.80
372,90 3.40
18, 40 20,60
179.10 49,20
"384.90 83,90
.20 ' 5,60
35,20 " 103,40
10,70 1,70
29,80 103,00
. 412,00 665,00
47,47 1526,00
45,99 20,60
0,12 2,29
8.95 10,76
1,03 . 24,68
483,70 - 614,34
.. NIGGLI  VALUES
43,95 22,91
18,74 69.48
.22 " 6,03
30,08 1,59
402,65 180,81
0, 25+ 0,81
0,49 0,26
+182.34 o+ Tho 4T

9,00
5,50

© 407.20
39,00
107,50
282,00
793,40
10,50

- 84,10

. 3.70
4.90
408,00
1124, 30
55,27
2.80
 7.40
20, 34
56.50

44,90 -

13,79

6.50 -

34,82
557.27
l, 0,69

0,35 -

+318,01

7.90
4,30
124.30
110,00
9,10
132,50
1252,70
1,20
13,50
6,60
3.30
552,00
623,00
54,27
1.13
10,08

S 11.39
62,86

54,67
3.48
0.61

41,23

545,63
0,90
0,06

+280,71




" SAMPL NO.

8102
- 1402

Al1203

Fe203

Po0

¥MnO

Mg0

Ca0

Na20

K20

P205

LOX

H20

TOTAL
“Oxidation Ratie’
FeOt/Pelt + Mgl
* Ca0/A1203

Na/K

Qs
Co
or
Fl

. Ab |

Ry
ut -
Il
Ap
be, 3

LB 6 INB 10 LNB 15 INB 17 LNB 21 1INB 26 INB 62 INB 63 ILNB 81 LNB 87 iﬂB 95

69.45
0.65
14,92
0.14
3.92
0,10
C.73
3.46
3.95
0.90
0.16
0,41
10,09
99,31
3.1

0.85 -

0.23
3,91

32,16

1.54 -
S.32 -

49,54
33.42

8,01
0,20
1.23

0.38

L4

67457
0.60
15,69
0.14
3:97
0.05
0.81
3.84
3.46

.74

0.25
0,62
0,07
99,81
3.07
0469
0.24
1.78 -
CIPrwW
27.7%
1.73.
10,28
46,69
29,28 -

10.78
0,21

V.75
0,59

68,43

1.

(e

t

" NORMS

0043
14,85
0.18
3,43
0.05
1.60

4,17 g

4.39
1.01
0,15

0.87 -

0,07
. 99.63
2,50

. 0,69
0,28
3.87

26,02

54,98
© 37415

© BsT3
0,28
1 0.82
0,36
1.57

5.97

QUARTZ « BIOTITE =~ GARNET GNEISS

—

0.56
14,76
0.27
5.29

0.09-

2,53
5.3
4,01
1.00
0,12

0.68"

.11

99,39

4.38

0069 !

0,36

3.58

20,07
5.97

53.25
33.93

12.42

"0, 39

. 1.06
G.28
5,22

" 64,66 _ 66,87

0.4%
16.27
0,04
2,01
0.03

2-43 "
6-65

4,41
0,22

0.27 -

0.

0,04

99.95
1,76

0,46

0.41
17.84

CL23.41

'1.30

€1.27

37.32 .

. 6,00

0,06

0.87 ,

0.50
6,21

66,28
0.36

16,32

0.04
. 3.60
0.07

2,17

4,05
3,57
" 1,61
0,17
1.57
0. 11

. 99.92

1400
. 0.62
0,25

T 1,97

25.14

9.51
49'19

30.21

11.52
0.06
0.68
0,40

67,02
0.62
15.74
0.12
3.76
0.05
1.94
2,34
3.52
2.82
0.10

C.79 .

0.10

" 98,92

2,78
0.67
0.15

1M

| 25,45
1.74
. ‘

2,88
16.66
40,74

29,79

© 10,71

0.17
1.18
.0 24

63.83
1.00
76,33
0,52
610
0,12
2,08
4,57
2,90
1.40
- 0,21
0,72
© 0,07
99,85

Te11 '

0,76
0.28
1,85

L

25,05

2,24
8.27
45.84
24,54

14,52
0.75
1.90

0.50

'~
66,09

0.68
16,25
0,20
4,14

. 0,07
2,50
2,79
3.48
2,73
0.14
1,06

. 0,05
100, 17
© 4,17
0.63
0.17
1,14

23,16
2,83
16.13
42,37
29.45

12,67
0.29
1.29
0.33

67.65
o. 76

15,97

0.09
2,62
0.05
1.8

3,50
2.99

2.81
C.32
1.11

0.05

" 99.59
3.00
0,06
0.22

0.99

- 29,22
2'41

16.61 -

40.57
25,30

T.01%
0.13
1.44
.7 0,76

. 69,67
0,50
15.53
0.17
1.86
0.04
0.94
1,62
4.73
2,39
0.18
1.73
0.10
99.64

. T.60
0,68
0,10
1.77

" 27,50
2,65

\14.12
. 46,88

. 40,02

4.86
0,25
0.95
0.43

882



Cr
Ni
Rb
Sy

ir

Th
Zn

Cu

K/Rb
K/s»

Rb/sr
H/Rb
Ba/Sr
Ca/Y

al

fm‘

alk
sl

kel

LNB 15,

1B 62

LNB 63

LNB 95

INB 6 INB 10 LNB 17  INB 21  LNB' 26 INB 81  LND. 87
Troce Flements in parts per million, ' _ . ,
5,90 47.70 30,80 49,50 24,50 52,10  45.60 . 22,60 64,80 ., 27,00 125,60
| 5,80 40,00 26,90 ' 24,90 16,60 . 10,30 30,30 11,80 - 29.90 12,00 - 58.40
14,30 34,10 10,80 - 8,40 3.20 | 23,30  65.00  45.80 46,40 32,10 48,20
253,60 - 329.50 462,40 378,10 - 334,00° 425,30  393.50 761,30 344,30  477.50 509,10
54,70 18,40 7.40 13,30 15.10 6.30 . 10,90 34,50 11,60 6.50 13,40
146,00 120,90 257,70 233,70 197,30 238,30 242,10 380,20 113,70 20,70 130,60
198,30 865,50 415,80 . 534,40 - 64,60 468,30 796,40 680,70 671,20 .2204,60 1098,50
3.00 - T - - 8,70 - 7.50  7.60 5.50 3.50 7.00
38,80 146,40 48,60 74,30 14,50 106,50 67,00 132,50 61.20 .  T2.60 ‘' 181,80
8,90 52,20 . 43,30 24,40 6,00 4.60 ' 75,49, 24,90  213.30’ 8.90 62,20
30.20 78,20 58,50 95,20 20,40 - 57,70 ' 73,80 93,10 90,20 - 91,70 106,60
532,00 422,00 778,00 988,00 563,00 . '575,00 . 360,00 253,00 447,00, T28,00 449,00
30,00, 4T.30 © 18,17  21.95 5,39 31.51 59,47  15.24 65,78 49,00 43,00
37.85 16,64 20,20 15,53 - - 27.86  28.61 29,38 17,04  _33.73 ° 10.57  18.03
0,06 0.10 -+ 0,02 0,02 0,01 0,06 0,17 - 0,06 0,13, 0.07 | 0,10
13.87 25,38 38,50 . 63,62 20,19 . 20,10 12,25  14.86 14,47 68.67 = 22.74
0.78 2,63 ° 0.90 1041 0.19. 1.10 2,02 | 0,89 - 1.95 4.62 2,16
452,30 . 15500,00 4054,05 2872,18 3172.19  4634.92  1541.28  953.62° 1720,00 3850.00 864,40
NIGGLT __ VALUES o ~
40.97 38.54 37,16 .76 36,20 38,81 40,05 35,75 38,18 42,37 ° 45,50
21,23 25.70 23,06 30,94 20,23 25,56 - 26,63% 32,30 29,50  19.62 . 15,50
17,28 - 17,15 18,97 20,77 26,90  17.51 10,82 18,19 " - 11,62 = 16,88 8,63
20,52 18,61 20.81 16,52~ 16,67 18,117 22,50 13,76 20,40 21,12 , 30,37
323,64 281,86 290,57 236,10 252,47 = 267.49 289,35 23T.12 . 263,53 304,55 346,35
0.13 0.25 0,13 0.14 0,03 0.23 0.35  0.24 0.34 0.38  0.25
0,24, 0.44 0,44 0.44 0,68 0,51 0.4T ~ 0.36 0.50 0:47 0,45
HIAT3E 4P0T.23 4107035 470,00 485,78 495.04 499,36 482,08 . 4B1.95 +120,11 +12:65"

682



SANPLE 10,

swe
Ti02 .
Aln3
Fo203
F
iR O
Mg0
Ca0
Na20
K20
P205
101
H20
TOTAL
Oxidation Ratio
FeGt/Te0t +1g0
€a0/A1203
Na/K -

Qa
Co

or

PL
" Ab
An

© Ut
11
Ap

(+2 8

ULTRAIAFIC QUARTZ =

GUEISS - GARNET GRANULITE GARNET -
FELDSPAR
GNEISS

P

40,85 54421 54,40 t 78,28

2,23 117~ 1,13 0,32
17,06 19,36 - 21,29 14483
. 1,59 . 0,11 . 0,08 0.01
15.10 10.03 0,20 0,82
0,25 0,24 - 0,13 0.02
7.02 . 2,68 - 2,38 0.41
10,64 4.8 1,79 1.76
1416 3,26 .. 5,00 5,07
1.04 229 2,92 1.37
" 0.83 0.14 - 0,05 . 0.04
0,00 0,67 1.1 0.44
0,05 0,08 0,09 0.04
99.50 99,49 99,48 99,50 - -
8,65 0.98 . 0,87 1,09
0,70 0,79~ 0.78 0.67
0.62 . 0.22 0,08 . 0,42
1,00 . 1,05 . 1,53  3.29 ..
: CIPW NORMS
- |, 626 0,80 34,82
=425 6,77 1,90
6.15 13.53 . 17.26 8,10

48,09 47.41 50,86 . 51,37
9,82 © 27,59  A2.31 . 42,90

38,27 19.82 8,55 8447
0,51 T 23.52 19.31 - 2,03
2.31 0.16 . 0.12 .01
4,24 2,22 2,13 0.61
1.97 0,33 -0,i2 0,09
7.59 = - -

26097 o . .- - -

INS 113  INS 104 1INS 412  INS 111

QUARTZ = ' :

BIOTITE = QUARTZ-FELDSPAR
GARNET GARNET GNEISS
GNEISS

~

70.14 67.50  68.38
0,31 . 0,36 0,47
14,94 16.63 16,11
. 0,04 0,06 0,22
419 2,30 2,69
0,12 . 0,04 0,07
T1.36 0 1,33 1413
2,00 3,37 * 1,97
2,95 4,53 3,04
(2,85 0. 1429 5.43
0,04 ° 0,12 0,04
0.45 0,84 0,24
0,07 0,09 0.34
99.92 99,72 100.40
0,85 0,70 6,86
0.76 0,64 0,72
0413 t 0,20 0,07
0.92 . 3.13  '0.50

- 32,52 . 25,68 22,25
U346 . . 1,94 1,75
116,84 | 7462 32,09
| 34.62 54,77 . 35.24
24,96 - 38,33 25,72
9.66 15,93 9.51
10,76 .© 6,97  6.93
0,06 0,09 0,32
0.59 . 0.68 0.89
0.09 0.28 0,09

QUARTZ -

BIOTITE~GARNET FELDSPATHIC
GHEISS

63,14
0,68
16,42
0.65
3.69
0.08
3.01
3.28
" 3.60
2.87

0.13

0. 95
.10
99,66

12,98

0.60

0.20
0.93

S 17.49

1.74

16.96

45.88
30. 46
15,42
13,17
0,94

1.31
. 0.3%

61.89

0.75

17,15
6.88

0.14

3.21%
3.28
3.53
1.12

0.07

0,39
0,06
99.33
1,55
0,69

0.19

2- 81

20.19
4.33

6.62
45.68

29,87

15.81
19. 55

0.17
1.42 .

0.17

GIEISS

INS 108 . INS 101 INS 110 INS 99 LNS 114  LNS 115

64,25
0,61
14.94
0,45
4,47
0,09
2,93
5,51
4,74
0.74

0.12

1,00
0,08
99.92
8431

0.62 -

0.37
4.74

16.82

- -

4.37
S5T.41
40.11
17.30

" 10,51

0.65

1.16

o.28 |-

7.64.

062



Cr
Nl
Rb
Sr

ir

Th
Zn
Cu

X/Rv

X/5r

K/Ba
Rb/Sr
BA/Rb
Ba/Sr
Ca/Y

al

fm

alk
-1

w

" qa

.

us 113

44,00
313.00
45,30
3066,50
235,40
177.70
402,10
19.30
1091.60
1019, 50
935,90
.191,00
2.81
21.41
0,02
8.90
0,13

21.06

23.88
3.74
85457

0,37
0,43
"29. 41

J23.20

LNS 104

200,60 .

70,50
34.40
578,20
45,60
176,30
1356..70
15.40
253,90
71,20
256,10
554, 00
33,00
14,00
0,06
39,42
2,35

. 654,76

34,39
38,19
13.50

163.40

0,32
0,32
+41.79

" ILNS 112

INS 111 INS 108 NS 101 NS 110 NS 99 NS 114

Trace Elements in parts per million,

405,40 17.30
300,10 7.10
39.30 9,80
211, 40 555,10
17,20 3.40
236,90 306,70
425,80  3340,40

- 2.80 .
60,50 17,70
285,50 4.30 -
268,00 30.40.
601,00 *  1163,00
113,06 21,00
29.83 3.40

0,19 0.02
_ 10,70 340,86
2,01 - 0,02
750,00  3701.00
NIGGLI _VALUES
39,52 49,28
33.31 745
6.04 10.63-
21,13 32,64
T 171,34 418,83
0,28 0,15
0. 34 ¢ Q.46
~13,19  +188,27

47430
11,90
72,60
331.10
T1.20
367.20
1034, 40
8,40
40, 20

6.70

61,70
326,00
71.60.
22,90

0.22
14,25
. 3e12
200,80

41,36
26,60
10,07
21,97
329.49

0.39
0.36
+141,60

43,70
25,50
13,00
5T1.40
3.10
16,30
976,50
3.20
42,80
8.80
58,10
822,00
19,00
10,94
0,02
75.12
1.71

, T173,00

43,34
17.60
15.97
23,07
298,64

0.16
0,50

T4 06. 36

46,10
9.70
101,70
460,40
. 23.30
662,40
3378, 60
5.30
55,10
‘7,80
%% 90
448,00
99,00
13.55
0,22
33,22
Te 34
604,50

42,81
18,76
9.52
28,91

308,39

0,54

0440 .

+92.75

14,60
14,10
15.00
589,90
© 1,00
235,50
2579, 00
4.40
48,90
13.80
48,50
1588, 00
40,40
9,23
0,03
171.93
4,37

. 23452,00

¢

36,06
T30
13.10
19.83

285,37

" 0.34
0,54
'5563 00

293,70
115,50

8,70

371,90
21.90
70.90
353.70
5,00

90,70 -

54.40
154,60
1066, 00
25,00
26,22
0,02
49,66

- 0,95
1080,70

3770
12,33 R

14,51
247.13

0.17
0.45
+59,08

N5 115

93,10
27,60

506,10

Te10
23,60
426.40
* 3410
49,60

14,20
81, 40.

12.11
14437

0.84
£549, 00
31.58.
30.57
21.18
16,67
230,50

0,01

0,51
+63,83

162
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C = SALP ES' DATA

Clagsification based on over-all zeochemistry or possible origin
O



SAIIPLE HO,

5302
~ Tio2
41203
Fe203
Feo
o
Mg0
Ca0
Na220
K20
P205
Lol
H20
TOTAL
Oxidation.Ratio
FeOt/Fedt + 1ig0
' Ca0/A1203
Na/K

Qz '

Co
or
Pl

Ab
An
Hy
Mt

-1
Ap

Di
ol

293

LUB 30

51,18
1.10

16,05

2,80
10,80

0,25

5.06
8,51
3,17
0. 40
0.14
0.37
0.07

99,90

18,88
0.72
0.53
7.07

1.26

2.36
55, 21
26,82
28,38
23,38

4,06

2,09

0. 33
90,73

ANPHIBOLITE

1B 31

51,30
0.95
15,60
2,75
10,40
0,20

5,30

8.60
3.30
0. 40
0.13
0.33
0.07
99,33

19,17

0,71
0.55
736

0.79

2,36

54,50
27.92
26,57
22,51
3.99
1.84
0. 31
12,68

L¥B 32

52,71
1011
14,61
3400
11,50
0.19

4,61

8.81
3.28
0.38
0.16
0.28

- 0,06

100,76
18,97
0.T5
0.61
7.70
CIPY

INB 34

49.10
2,12
12,79

4.80:

17,30
0.26
4,19

T

1,69

0,28 .

0. 29
-O.3i
0,06
100,94
19,94
0,84
0,61
5.38

" NORNS

© 3,03
2,25
51,77
29,75
24,02
20, 66
4,35
2,11
0,33
15,89

7.03

1,65

40,79
14,30
26,49
30,81
6.96
4,03
0,69
8,66

1NB 56

51.05
0,41
14.79
1,05

8. 44
0,18
8,68

- 9489

2,59

0.73

0,07 -

2,05
0.10
100.07

10,07

0.52
- 0667
3.16

4,31
48,44

21.92

26,57
18,09
1,52
. 0,78
0,17
1799

BASIC
GNEIS3

LNB 37

52,84
0.70
15,98
1,72
6,72
0.17
4,11
11,00
2,18
2.14
10,32
1,49
0.06
99.42

18,70 . -

0.66
0.69
0,90 °

3.99
12.65
45,94
18,45
27,50
10,07
2,49
1633
0,76
20,66

RETROGRESSED
LEGCO~ -
GAB BRO

Lius 113

40.85
2,23
17,06
1.59
15.10
0.25
7,02
10.64
1,16
1.04
0,83
0.00
0,05
99.50
8,65
0,70
0.62
1,00

6.15
48,09
9,82
38,27
0,51
2,31
4,24
197
7.58
26,97




- Cr
Hi
Rb
Sr

Zr

Th

X/Rb
K/sr
K/Ba
Rb/Sr
Ba/Rb
Ba/Sr
Ca/Y

al
fm

alkr
si.

"

294

B 30

57.30

29,80

3.40

237,20

35.60
174,90
276410

0.10
139. 30
2,00
230,10
971,00

13,91,

11,95
0,01
81,21

1.16 .

1721.91

23.18
46,31
- 22,35

© 8,16

125,45
0.08

0.40

-7018

LNB 31

Trace

LNB 32

LNB 34

LB 56 -

Flements in parts per million,

71.30

" 33.40
1,60
240, 30
36.10
177,20

266,40
1,80

135.50

219,80
2063,00
13.73

12,39

0,01
166,50
1,10

714,68

22.59
46,28
22,64
8.49
126,05
0,07
0,42

- =7.90

23.40 48,90 -,

18,20 16,40
3,40 0,30
208, 80 175.20
34,60 68,60
194,50 196,20
134,00 246,80

0,90 -
147,90 187,80
10,50 1.30
237,70 317.70
941,00 7653,00
15,32 13.13.
23,88 9.32
0,02 0,02
39442 822,67
0,65 141
1846,82 814,89
NIGGLI VALUES

21,29 17.85
46,75 58.13
23.50 19,72
8.46 4,30
130.33 116.28
. 0,07 0.10
0.36 0,25
~3.51 ~0.93

94,30
" 34,40

6,80

108,50
10,90
13.30
90.90

2,80
57,10

12,70

186,10
888,00

57.00.

67.11
0,06
142,08
8.24

_ l6429.00

20, 16
48.44

24,51
6.88

118,10
0.16
0. 62

"'9- 45 .

LNB 57

152,30
66,60
22,50
345,50
22,00
212,40
895,00
0.50
88, 50
7.90
177.80
791,00
5152
19.89
0,07
39.78
2,59

/3600,00

24,88
34.80
31.13
9.19
139,58
0.39
0,46
42,83

LNS 113

44,00

. 313.10

45,30
3066,50
235, 40
177,70
402,10
19,30
1091, 60
1091,50
935,90
191,00
2,81
C21.41
0,02
8,90
0,13
323,20

21,06
51,32
23,88
3.74
85,57
0.37
0.43
-29,41




295

© GRANXITIC GNEISS
ALDPLE IiO.“ LB 40 LNB 41 LNB 54 ILNB 61 ILNB 83 . INB 115
502 77,40 T2.25 70,76 - T3.64  T0.23 64,25
T 0.04 0,15 = 0,22 0,16 0,23 0,61
Al203 12,43 11.37 15,12 13.67 15,32 . 14,94
Fe203 0.01 0.38 0,16 - 0.14 0. 21 0.45
Feo 0.77 4.49 1.64 .  0.89 1,97 4.47
w0 0,02 0,09 0,03 0.01 0.40 0,09 .
g0 0.44 1,70 0,87 0,50 1,40 2.93
Ca0 3.45 - 3.49. ¢ 2,96 1,03 2,52 5,51
Na20 - 4.13 3,38 5,73 . 2,29 5,98 4,74
X20 0,23 0.43 1.50 6,06 2,39 0,74
P205 0.03 0,03 0.08 0,04 0,10 . 0,12
ToI . 0,60 - 2,17 0,63 0.52 - 0,60 1.00
JH20 T 0,04 - . 0,11 - 0,05 0.05 0.07 0,08
TOTAL 99,72 100,54 99,74 99,01 100,68 99,92
Oxidation Ratio 1.15 14.87 8,07 12.34 8,76 8,31
FeOt/FeOt + Hg0 | 0,64 0,74 0,67 067 0,31 0.62
Ca0/A1203 - " 0.28 0,31 0,20 0,08 0,16 0,37
Na/K 16,11 6,94 3.39 0,34 2,22 4,74
CIPW NORMS :
@ . 44,45 37.99 23,77 33,71 18,76 16,82
Co - - - 1.57 - -
or - 1,36 2.54 8,86 - 35,81 14.12 4,37
PL . 49.65 43.18 59.59 24,23 58,50 57.41
Ab 34,95 28,60 48,49 19,38 50,60 40,71
An 14,70 14,58 . 11.11 4,85 7490 17.30
H 1.55 11,00 3.47 2,52 4,76 10,51
Mt 0,01 0,55 0.23 0,20 0.31 0.65
hn} . 0.08 0,28  0.42 0,30 0,44 1.6
Ap 1 o.07 0,07 0.19 0,09 0,26 0,28
DL i 1.85 2.14 2.54 Co- 3.25 7.64




Cr
A NL
Rb

Sr -

Zr

X/Rb .

K/Sr
 K/Ba
Rbv/sr
Ba/Rb
Ba/Sr
Ca/Y

296

“gFB¥

LNB 40

13,40

5.70

2,40 .

195,60

145,10
2,00
14.90

5.90

13.50

789,00
1. 10,00

13.05
0,01
60,50
0.74

44,40
8.03

- 2241

25,16
469,57

0,04

0,50
+268,93

LB 41 .

Trace Elements in varts per million,

LNB 54

LB 61

5.20
11,30
9.90
98,80
153,70
293.30
113.10
11,10
137.90

3,70

550
363,00
37.00
31.49
0.10
11,42
.14
162.40

547
45,10
25435
24,08

489,88

0,08
0,38

+349,38

14,00
8,600
22,20
430,20
2,90
71.20
857, 30
2,30
27,40
22,80
24,20
559, 00
29,00
14,48
0, 05
38,62
1.99
7298, 00
NIGGLI VALUES

41,62
13,15

. 14,81
30,42
330,54
0,15
0,46

" +108,87

4,30
4,30
78,70

) 277,70

2,10
260, 40
1248,50

6.80

25,30
15. 10
14,00
639,00
181,13
140,29

0.28

15.86

4,50
3523.81

47.81
9.52
6,55

36.12

437,09
0,64
0,46

+192,62

LB 83

22,00 -

8,20
84,00
363,90
2,20
45,90

- 854,90

3.00
46,10
18,70
22,40

237,00

23,78
-0g23
9.94
2.29
£190,00

39.69
16,24
11.87
- 32,19
308,78
0. 21
. 0.42

+80, 02

LNS 115

93,10

27.60
506,10
710
23,60

. 426,40

13,10
49,60
14,20
81,40
12, 11
14,37

0,84

5549, 00

31,58
30,57
21,18
16,67
230,50
0,01
0.51
+63,83




SALPLE 1O.

5102
. Tip2
. A1203
) Fe203
Fel
.1n0
Ngo
Ca0
Na20 -
K20
P205"
LoI
- H2
TOTAL
Oxidation Ratio
FeOt/Pelt + g0
~ Ca0/A1203
Ne/X

Qz
Co
or
Pl

Ab
An
By
Mt
1

Ap
R
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LB 9

56,88
0.67
15,03
0,21
7,68

0,13

'5.38
6.04

1496

2,39
.0.24
1.89

0,13

96,63
2,40
0.59
0,40

0,75

10,80

14.12

41,74
16,58
25.15

. 25014

0.30
1,27
0.57
2,68

META ~ PELITE

. LHE 98 - -

INB 37
54,98 56,89
0,79 0,51
16.64 12,23
0,68 3.23
9,90 16,28
0,26 0.18
5.10 3.80
3,48 1,77
1,11 0,10
4,11 1 0.63
0,29 0,02
1,34 3.93
- 0,03
99,87 £ 99,68
5. 82 15.15
- 0,67 0.83
0,21 0.14
0.24 0.14
10.92 32,36
4,73 8,24
24,29 . 372
24,76 9.43
9,39 0.8% -
15,37 8,58
- 29,47 36,18
0,99 4,68
1.50 0.97
0,69 0,07

LKS 104

54.21

1417

- 19,36
0.11

. 10,03
0,24
2,68
4,18
3.26
2,29
0. 94
0.67
0,08
99,49
'0.98

- 0,79
0,22
1,05

6.26
4,25
13.53
47.41
27.59

"19,82
23.52

0,16

2,22

0.33

8S 112

54,40
1,13
21,29 .
0.08
8.20
0,12
2,38
1.79
5,00
2.92

0,05
1,11
0.09
99,48
0.87
0,78

© 0,08

. 1.53

0.80
6,77
17.26
50,86
42,31
8,55
19,31
0.12
2,13
0.12




Cr
Ki
Rb

Sr_

g ER"-

Zn_

K/Ro.

~ K/sr
. K/Ba
. Ro/5r
Ba/Rb

Ba/Sr-

Ca;’Y

al

alk
ei

O
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© 1NB 9 INB 37 - _ INB 90 IS 104

Tfaqe Flements in varts per million, A
216,70 "145,00 . 70,90 200,60
82,20 46,30 15,30 , 70.50
- 41,90 112,40 7.80 . 34,40
583,10 ~  187.40 3.40 578. 20
20,70 T1.40 - 20,60 45,60
| 274,90 125,90 49.20 176,30
1110,50 - 1157,50 83,90 1356,00
1,50 11,80 5.60 115,40
245,90 172,40 . 103,40 253,90
73,40 24,50 _ 1,70 71.20
130,50 176, 40" 103,00 256,10
473,00 304,00 665,00 554,00
34,01 182,00 °  1526,00 33,00
17.83 29.50 20, 60 14,00
0,08 0,60 2,29 0,06
26,50 - 10,30 10,76 39,42
1.91 6.18 24,68 ‘2,35
2101.45 . 348,50 614,34 654,76
’ NIGGLI VLIUES . '
26,47 28,97 22,91 34,39
43,96 49,09 - 69,48 38,19
19,34 11,02 © 6,03 " 13.50
10,23 10,92 1.59 13,93
169,98 162,45 180,81 . 163,40
. 0445 0.71 0.81 . 0032
0.55 ' 0,46 0,26 0432
+29,05 +18.75 +The4T 7 HATLTY

. LNS 112

405,40
300,10
39,80
211,40
17.20 .
236,90
425,80
60,50
285,50
268,00
601,00
113,06
29,83
0,19
10,70
2,01
750,00

. 39,52
33,31
6,04
21,13
1711.34
0.28
0. 34
~13.19




SAMPLE NO. .

5102
Tig2
" A1203
Fe203
 Feo
s (o S
. Mg0
Ca0
Na20
K20
P205
Loi
- H2Q
TOTAL
Oxidation Ratio
Fe@é/FeOt'+ Mg0
 Ca0/A1203
Na/K

Qz
Co
Or
Pl

Ab
- An
- Hy
Mt
Ii

Ap
Di
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LNE 38

78.94
0.1
10,21

0,08

2,87
0.10
0.88
2,66
"1.64

1.19

0.04
0,53
.0,05
99,58
2,45

0.76 .

0.26
1.22

55,59
148
- 7.03
26,81
13.88
12,93
7.38
0.12
0,21
0,09

META ARKOSE(IiPURE QUARTZITE ?

INB 39 LNB 44 " LNB 50
81.76 .. 81,50 81,21
0,11 0,11 0.11

9,81 9,14 10,04
0.01 0,03 0,02
1,00 1.15 0,50
0,03 0,02 0.28

0,43 0,44 - 0,21
1,17 2.82 0.90
1.64 1.33 1,78
2,37 1,36 2,82
0,03 0,03 0,03
0,91 1,05 . 0,95
0,05 0,05 " 0,07
99,43 99,18 - 99,00
0.89 S 2,29 3,47
0,70 0.73 0,71
0.12 0.31 0.09
0,61 0.87 0,56

CIPV _ NORHS '
59,25 61.09 57.34
2,49 0.42 2,49

. 14,00 . 8,04 16,66
19,49 : 25,05 19,33
13,88 C o 11.25 15,06
5.61 . 13,79 4,27
2,90 3,04 176
0.01 0,04 0.03
0,21 . O.21 . 0,21
0,07 0.07 - 0,07




W

Rb
Sr

Zr
Th

Zn

K/Rb
K/sr

K/Ba’

Rb/Sr
Ba/Rb
Ba/Sr
Ca/¥

al.

alk
si

w

300

LB 44

INB 38 LB 39
lTrace Elements in varts per million
.00 Te20 5,20
'6.00 10,90 11,30
32.50 41.60 50,20
74,30 98, 40 63.70
90. 40 116,80 78.70

222,40 235,30 208,90

101910 923,20 640,30
13,80 11,40 12,20 -
61.80 958,70 567,60
7.30 17.50 5,60
6.40 3,60 5.60

" 304,00 472,00" 226,00

460,00 200,00 .178.00
9,65 21,28 1759
O.44 0.42 0,79
31,36 T 22,19 12.75
13,72 9,38 10,05
411,50 71.62 ~ 256,20
NIGGLI VALUES
39.96 49,64 44,07
25,51 12,97 13,56
18.93 10,76 24,72
15, 60 26,63 17,65
524,26 702,03 667,11
0.32 0.42 * 0,40
0,32 0.42 0,40
+361,86 +495,51 +496,52

LNB 50

9,80
6.80
45,70
118,50
32,00
248,40
1027,70
4,00
20,10
- Te20
6.20
513,00
197,00

22.76

0.40
22,49
8,67
201.10

51.87
8.69
B8¢55

30,90

T11.96
0.51
0.32

+488,37




SANPLE NO.

8502
T402
A1203
Fo203
Fen
no
jifede]
Cal
Na20
. k20
P205
Lol
120
TOTAL
Oxidation Ratio
Fedt/Fedt + Ng0
Ca0/A1203
Ne/K

Qz
Co
or
Pl
Ab -
An

Hy
ut.
11
© Ap
Di

-

INB 6

69.45
0,65
14,92
0.14
3.92

0.10

0.73
3446
3.95
0,90
0.16

0,41 -

0,09
99.31
3.1
0.85
0.23
3.91

32.16
1.54

49,54

33.42
16,12

8.01
0.20
1.23
’0.38

LNB 7

60,19
0,71
17,06
" 0.65
5.45
0.17
3.26
4.24
3.57
2,35
0.19
1.84
0.13
99,22
9.67
0.65
0.25
1,35

4,53 7

. 13.87

60,15
43.75
16,40

15.34
0.94
1435
0.45
2.81

INB 8

61,15
0.62
17.87
0.29
5411
0,09
3.58
3.76
2,24
3.65
039
1.80
0,09
100,69
4.84
0,60
0.21
0.5%

18,09

4,33
21.57
35.06
18,95
16.11

17.20
0.42
1.18
0.92

ag

INB 10

.

. 67.57-
0,60 .

15,69
0.14
3.97
0,05
1.81
32.84
3.46
1.74
0.25
0.62
0,07

99,81
3.07
0,69
0,24
1.78

27.71

1.73
10.28
46,69
29,28

17.42

10,78 °

0.21
1.14

0,59

META~GREYWACKE

INB 12 L¥B 15.
60,78 = 68,43
0,91 0,43
17.18 14.85
0.45 0,18
5,36 3.43
0,12 0,05
2,41 1,60
4,76 447
311 - 439
2.63 1,01
0.28 0,15
1.60 0,87
0.11 0.07
99,1 99,63
7.0 4.50 -
0.71 0,69
0,28 0.28
1,06 3.87
CIDYW _ NORMS
15,89 26,02
1,23 -
15,54 5,97
48,10 54.98
26,32 37.15
21,79 . 1T.85
14,19 8.73
0.65 - 0.26
1.73 082
0.66 0,36

- 1.57 .

INB 16

61427
0.63
16,16

0. 30

5. 34
0,08
3.2C
4,30
3.79

.79

10,23
- 2.06
0.17
99.32

4.80 .
0.64"

0.27

1.73

15.09
0.72
10,58

32,07

119,83

16.64

0443
. 1420
" 0,54

INB 17

64,66

. 0,56
14,76
0.27
5429
0,09
2.53
5,31
4,01
. 1,00
0.12
0.68
0. 11
99.39
4,38
0,69
0.36

3.58 .

20,17

5,97
53.25
33,93

19.32

12442
0,39
1.06
0.28

LB 19

715,87
0,13
11,87
0,05
1.54

0,04

1613
1.34
2,20
4,31
0,03
0.98
0,05
99.54
3.00

0.58

0.11
1 0.45

40.90

1.22
25.47
25,07
18,62

6445

5.46
0.07
0.25

0.07

INB 21

66.87

0.46 .

16,27

‘' 0.04

2,01

0,03

2.43
6.65
4,41
0.22
0.21
0. 31

0,04

99.95

1.76 -

0,46
0.41
17.81

23.41 -

- 1.30 .

61.27
37.32
23. 95

6,00

0,06
0.87

0,50

6,421

INB 22

58449
0.63

- 19453

0,28
472
0.06
2,88
4,26
4,55
2,68
0.33
0.89

0.10 -

99.64

5.05

0.63
0.22
1.52

5.86
2,19
15.84
57.48
38.50

18,98

14.68
0. 41
0,20
0,78

Se22



for 3
ne
b

o

Zr
Pa
™

X/’n -

¥/sx
¥/Ba
RbY/ Sz
Ba/Rb
Ba/ 8>
Ca/y

al
fo -

elk
sl

qz

LB 6

5.90
5.80

14.30

253,60
54,70
146.0C
193, 30

3.00

38,80
8,90
30.20
532,00
30,00
37.85
0,06
13.87
.78
452,20

40,97
21,23
17.28
20,52
323.64
0.13
0.24
+141, 56

INB 7T

86,60
47,90
37.50
554,60
6,70
280,50
963, 80
256,30
14,70
110,00
520,00
35.16
20,23
0.07
25,70
1.74
4552, 24

33,96
33,95
15.34
16,75

' 203,30

0,30
0,48
+36,29

.

B 8

«

104,30
45,70
85,70

478,40
14,90
1 194,70

1498.40

2.10
179.20
4,50
131,80
354.00
63.34
* 20,22
0.18
17.48
312
1818.79

36.36
34,20
13.91
15.54

211.13

0.52
0.54
+48,49

1NB 10

47,70
40,00
34,10

329,50
18.40

120,99

865,50
146,40

52,20

78.20

422,00°

47.30

. 26,64
0,10 -

25,38

2.63
15500,00

38,54
25,70
1715,
18,61
281,66
0.25
0.44
+107.,23

UETA-GREYWACK]

INB 12

98,50
60,90
49.10
148,80
29.230
279.80
415,80
1.50
143,30
53,80

142.90.

444,00
48,57
25.45

0.11
17.44
1.91
1170,65

36,51
29.95
17.94
16,50
213,78
0.36
0.42
+47.76

LNB 15

30,80
, 26,90
10,80
462,40
7.40
257,70
862,10

48.60

43,30 -

58,50
778,40
18,17
20,20
0,02
38,50
0,90
4054.05

37.16
23,06
. 18,97
20,81

" 290,57

0.13
a4
+1°1035

INB 16

85,30
35,60

24,20

409.90
14,90
220,10
534,40
0. 40
110,10
22,60
100,40
616,00
36,35
17,28
0,06
35.62
2,10
2000, 54

33.44
33.46
16,18
16,91
215,17

0.24 .

0,50
" +47.52

LNB 17

49,50
24,90
8,40
378.10
13,30
233.70
1629.80
-t
74,30
24,40
95,20
988,00
21,95
15,53
0.02
63.62
1,41
2872.18

.76
30,94
10,77
16,52
236,10
0.14
0.4;
+70.00

INB 19

1.00
3.60
| 48,60
224,70
18.40
264,20
64,60

43.90

8,90
4,10
737.00
159,32
21.48
0.11
32.53

7425

521,74

42,77
18,61

8,78 .

29.85

463.87

0.56

W55

+244,48

" NB 21

24,50
16.60
3,20
334,00
15,10
197,30

1210,00

8.70
14,50
6,00
20,40
563.00
15,39
27.36
N
20. 15
0.19
3172.19

36,20
20,23
26,90
16.67
252.47
0.03
0.68

" 485,78

B 22

31,60
24,90
35.40
483,70
$.00
233,70
29T71.70
93,30
24,40
3%5.10
401,00
45,90
18,35
Ca 11
21,84
2450

341111

37,49
27,79
14,37
19. 94
190.55
0,23
0.5¢
+10,80

20¢



SAIPLE 1O,

8102
Tio2
Al203
Fe203
Fan -

Na20
K20
205
Lol
Hzo
POTAL
Oxidation Ratio
- Pedt/Pedt 4 UgO
220/11203
Be/K -

Qz
Co
Or .
P}
A
An

Wy
Ht
Il
Ap

-~

n

LNB 24

70.55
0.47

15,20

0.12

. 1.80
0,03
1.21
2,79

- 3.05
2,79
.08

. 1,06,

0,10
99.25
5.65
- 0.61
2.18
0.97

33.44

2,28 -

16449
3913
25,81
13,32

5,50

0,17

0.89.
0.19

LB 25

74.99
0,16
12,03
0,18
" 1.90
0.04
1,32
2,90
3.28
1,09

0.09 .

1.50
0.90
99,55
T.84
0.61
0.24
2,73

42,45
0:42
6.32

41455

27.55

13.80

6.44
0,26
0,30
0,21

L4

1B 26

66,28
0.36
16,32
0,04
3.60
0,07
2,17
4,05
3.57
1,61
0.17
.57
0.11
99,92
1,00
0,62
0.25%
.1h97 -

25,14
1.74

9.5
49,19
30,21
18,98

11.52
0,06
0,68
0.40

INB 33 .

61,70
0.66
16,07

0,76 .

5.48
0,08

3,00

5,50

4.04

0.82
0.23

0.88°

* 0.1

199,33

11.57
0.67
0,34
4,04

"16.12°

4.85

57,48
34419 ¢
23,29

14,94
110
1.25
2.54
2,07

“INB 35

61.95

0,65 °

16,08
0,76
5.48
0,08
2,60

3.86

" 1,01

0.22
1,65
0,10

99,39

757"

0,70
0,31
3.40

. 17.95

0,16
5.97
55,78
32,66

23412

14.99

1410
1.23

KETA ~ GREXVACKE

INB 36

61,15
0.66

" 16,76
0,37

6.08
0,09
2.60
4.96
3.83
1.04
" 0.24
1,70
0,12

. 99,60
5.18"

0.7
(0430

3.28

16,54
0.89
6.15

55.45

32.41

.. 23,04

16,41

0454
1.25

0,57

LNB 42

‘78.11

0,13

. 10,68

0.02
1.46
0.03
0.45

0.85

1.56
~ 5.29
i o. 04

0.42

O. 03

99,21

1.22

0.77 .

0,01
0,26

45,31

0.95.
31,20

17.16

13,20
: 2 3.96

3.63
0,03
0425

0.09 .

1B 43

76,41
0.1'3
12.23

‘. 0.06
1.54

0,05

0472

2,63
2.84
2,12
0,04
0.72
0,08
99,75
3.39
0469
0.22

0,77

43,76
0,56 .
1253
- 36,87

24,03

... 12,84

* 4,45

0,09

tQa25 -

0.09

LNB 49

76. 57

0,04

© 13,02

04114
70.44
0.0%
0.02
0.08

0.58

" 8419
0.04
0,74
0.02

99,88

18,37
0,60

0,01 .

0,06

41,46

3,15
- 48,40
5,04
491

0,14

Q.73
- 0414
0.08

JO. 09 :

- e

LNB 62

67.02
0.63
15,74
0,12
3.76
0,05
1.94
2,34

3-52_
. 1.82

0.10
0.79
0,10

98,92

. 2.78
0.67

" 0.15
1.1

' 25,45
2,88°

16.66
- 40,74
29,79
10.96

10,71
047
1.18
0.24

LNB 63

63.83
1,00
116,33
0.52
6,10
0.12
2,08
4.57
2,90
1.40
0,21
0.72
0.07

" 99,85

7411
. 0,76

0,28

1.85

25,05

2,24
8.27

. 45,84
. 24,54

21.30

14.52'
0.75
1.90
0.50

INB T4

66,82
0.12.

- 18.14
0.14
0,60
0.11
0.53

1.97

4.44

. 295

0.06
0.94
0,03
99,78

. 17.36
 0.58
0,11
0.67

13,01
0,96
" 35,16
46.95
37.57

g9.38

2,14
., 0,20
0.21
0.14

¢o¢



alk
si

by

-t 3

LB 24

20,10
11,40
48,70
, 432,50
0.50
279,40
2971,70
0.20
49,50
12,80
44,20
476,00
53,64
T.81
.05
61.02
1.3
40500,C0

17,03
14,83
23,56
350,07
0.38
0.53

44,85

+156,65

‘1B 25

20,10
8.20
21,10

444,10 °

14.20
2717.60
609.90

58,30

12,00

33.50

422,00

20,04
14.59
0,22
28,91
.27
1415.49

39.86 °

20,95
17,47
21,72

421,66
0.18
0.53

#234,80

1B 26

52.10
10,30
23.30
425,30
6e 30
238,30
463, 30
106.50
4,60
57.70
575,00
31,51
28,61
0,06
20.10
11.39

4636.92

33,81
25.56
17.51
T 18,11
267, 40
0,23
0,51
+95, 04

NB 23.

86,00
27.90
21.30
546.00
16,50
241,50
508, 00

96,10

33,90

100,10

319,00
© 12,45 -

13,39
0.04
23,85
0.93
2400, 00

©3z,11
32,19
19,98
1%5.05
209,18
0.12
0.46
448,97

B 35 B 36 . INB 42
Txace Flements_in parts per million.
79,70 75,30 9.00
41,50 35,60 . 5.50
15,90 16,30 107,20
419,00 468,10 39,00
13.10 13,50 107.50
202,60 229,40 282,00
401,30 437,90 793,40
1,20 0,10 10.50"
84,30 84,90 84,10
69,10 50,60 3.70
103,60 96,10 ° 4,90
528,00 528,00 * 408,00
20,05 - 18,37 1124.30
20,95 19.64 55,27
0.04 " 0,03 2,80
25,35 26,87 7.40
T 0.96 0,94 20,34
2717.56  2644.44 - 56,50
. ' EIGGLI __VALUES
33.53 - . 24,20 44,90
32,87 32,25 13.79
18,76 18, 40 6.50
15,52 15,15 34,82 °
219,19 211.73. 557.27. .
0.15 0.15 0,69 -
0.43 0.42 0,35
+57.11 +51.12 +318,01

METAGREYVACKE

1NB 43

6.30
7.20
90,10
110,60

94,60

217.80
293.70
14.90
29,90
4.10
4.30
196,00

159,00

44.72
0.81
4.37
3.56

198,78 °

42.44
14,76
17.05
24,75

460,59

0.33
0. 44

+261,60 - -

1NB 49

7.90
4,30
124,30

110,00

9.10
132,50
1252,70
1.20
12,50
. 6460
3.30

$52.00 *
$23,00 °

S4,27
"1.13
10.08

1.10
62,86

54.67
.48
0,61

41,23

545,63
0,90
0,06

+280,71

INB 62

45.60
30.30
65,00
39).90
10.90
242,10

796,40

7.50
67,00
75.43
73.80

360,00
59. 47
29.38

017"

12,25
2,02
154128

40,05
26.63
10.82
22,50

289,35

0,35
0.47
+99.36

LB 63

22,60
11.80
45.80

761.30

34.50

380,20

680,70
7.60
132,50
24,90
93.10
253,00
15.24

T 17.04
0.06

14,86
0.89
953.62

35.75
32,30
18.19
13.76
237.12
0,24

0,36

+62,08

LB 74

14,70

7.20
60,10
631,40
4.60
154,40
54C4.50
‘3.40
14.40
5.10
15, 40

822,00,

78.28
9.05
0.10

90.92
8.65

3062,00

46,01
6.31
9.48

36,20

300,09
0,47
0,56

+55.29

yo¢



SAITLE 10

8102
7402
A12n3
Fe203

Fen
0
g0
CaQ
Na20
K20
P205
LoX
" Heo
TOTAL
Oxidation Ratio
Fedt/Fedt + Ug0
C=0/A1203
" Na/X

Qz
Co
or
Pl
Ab
An

By
-4
i1
Ap
hoe

B 76

73,47
0.27
13.61
0,07
2,00
0,03
1.12
1,23
4.26
2,13
0.04
1,14
0.19

99,56 -

3.05
0.50
0.09
"1.78

34.%8
© 2,16
12.59
41,89
36,05

5.84

6,01

0,10
0.51

0.09

-

1D 81

66,09
0.68

'>'16.25

0.20
4.14
0,07
2,50
2.79
3,48
2,73

0.14

1,06
0,05

100,17 .

4.17
0.63
0,17
1.14

23.16

2.83
16.13
42,37
29.45
12093

12,67
0.29
1.29
0.33

1NB 87

67.65
0.76
15,97
0,09
2,62
0,05
1,38
3,50
2,99
2.81
0.32
1.11
0.05
99,59
3.00
0.06
0.22

0,99

29,22

2. 41

16,61

40,57

25, 30
15.27 *

T.01
< 0,13
1.44
0.76

INB 94

T5.48 .

0.27
9,21
0.27
5,29

0.12 .

2,19
1,48
. 1.48

1.82

.03 .

0,62

0.05
99.00

3.15
0.72

\'.0.16

0.73

49,30

2,17

10,75
19,72

12.52 -
7220 .

14.72
0.39
0.51
0,07

1INB 95

69.45

0.65
14.92
- 0el4

3.92

0.10
0.73

3.46

3.95

0,90 *

" 0,16
0,41
0.09

99,31
3.11

. 0485

0,23
3.9

-‘ . 32.16

154

Y 5,32
.-49054"
© 3342

16,12

' 8,01

. 0020

1.23

o. 38 -

META-GREYVACKE

LB 99.

NS 101
. 63.14 67450
. 0,68 0.36
16.42 16.63
0,65 0,06
3.92 - 2,30
0,08 0. 04
3.01 1,33
3,28 3.37
3.60 4,53
2,87 1,29
0.13 0.12
0,95 0,84
0,10 ' 0,09
99,28 - 98,72
12,98  0.70
0,60 0.64
L 0,20 - 0.20
0,93 ° 313
T47.49 25,68
C1.T4 .94
16,96 T.62
45,88 54,77
30,46 ¢ 38,33
15,420 15.93,
L1347 6.97
0.94 0,09
1,31 0.68
0,31 0.28

INS 108

70,14

0431
14,94
0.04
4,19
0.12
1.36
2,00
2.95
2,85
0,04
0.45
0.07
99.92°
0.85

0,76
0.13
0.92

J2,52

16,84
34062,'

24,96
9466

10,76

0.06
. 0.59
0.09

s 110

68,38

0,47 .~

16,11
0,22
2.69

0,07

1.13
1,97
3.04
5.43
0.04

0,24
0.34
100,40
6,86

0,72

0,07
0.50

22,25

' 1075 !

32,09

. 35.24
25.72 .

' 9.51

6,93
0,32
0.89
0,09

i

INS 111

78,28

0,32

14.83
0,01
0.82
0.02
0.41
1.76
5,07

13T

0,04
0.44
0,04

' 99,50 -

© 1,09
L 0.67
0.12
3.29

24,82
1.90
8,10

51,37

42,90 .

8.47

2,03
0.01
0.61
0.09

’

NS 114

61.89
0.75

17.15

10,12
6.68
0.14
3,21
3,28
3.53
Y 1,12
0,07
0.39
0,06
99.33
" 1,55
0,69

0.19

2.81

20.19
4.33
6.62

45,68

29.87

15.81

19,55
0.17
1.42
.17

-

G0¢



X/RYv -

X/5r
X/Ba
Rb/3p
Ba/Rb
Ba/Sr

Ca/Y )

el
Im

Rlk’
[ 13

o |

nwm 76

32,6
12,90
43,00
372.90
18,40
179.10
324,90
1.20
35.20
10,70

29,80

412,00
47,47
45,99

0,12
8.95
1.03
483,70

43,95
18.74
T.22
Jc.08
402,65
0,25
Q.43
+182,38%

18 81

64,80
29,90
46,40
344,20

11.60

113.70
671,20
5. 50

61.20°
' 213.30

90,20
447,00
65.78
23.73
0.13
14,47
1.95
1720, 00

13,18

29,50
11,62
20,40
263,53
0,24
0,50
+81,95

NETA=GREYVACKE

LRB 87 . -LNB 94 - B 9% INB 99 INS 101 INS 108 IRS 110

27,00 13.30 125.60 . 14.60 43,70 4730 . 46.10
12,00 8,60 58,40 14,10 25,50 11,90 9.70
32,10 .. 32,80 - 48,20 15,00 13,00 72,60 - - 101.70
477,50, 107,90 . . 509,10 - 589,90 . 571.40 331.10 460,40
6,50 201.90 13.40 ' 1,00 3.10 71.20 23.30
20,70 - 483,40 130,60 . 235,50 16,30 - 367,20 . - 622,40
2204,60 589,60  1098,50 ©B599.00 . 976,50 1034,40  3378.60
.50 3,00 - ' 7,00 440 - 3,20 8,40 5.30
77,60 718,90 . 181,80 48,90 42,80 40,20 " 55.10
8,90 11,80 62,20 213,80 8.80 6.70 .  7.80
91,70 25,30 106,60 . 48.50 58,10 61,70 57.90
728,00 464,00 449,00 " 158040 822,00 - 326,00 448,00
49,00 141,00 43,00 © . 20,40 19,00 ° T1.60 - 99,00
10,57 25,57 ..18,03 . 9.23 10,94 22,90 . 13,35
0,07 © 0,30 0,10 _ 0,03 0,02 0,22 " 0,22
68,67 17.98 22,79 1171.93 . 75.12 425 0L ;22
4,62 " 5.46 ' 2,16 4,37 1.7 312 T34
3850,00 52,77 864,40 - 23452, 00 7173,00° - . 200,80 604,50
42,37 " 30,82 ¢ 45,50 36,06 43.34 41,36 42.81°
19.62 - 45,38 15,50 31.01 17,60 . 26,60 18,76
16,88 © 9,06 8.63 13.10 15,97 10,07 © 9,52
2112 478 30,37 ©o19.83 2307 21097, | 28,91
© 304,59 428,56  346.35 236,31 298, 64 329,49 308,39
" 0,38 0, 45 0.25 | . 0434 0,16 0.39 0,54
0,47 . 0e44 0.45 - 0,54 0,50 T . 0.36 0,40
+120.11 4269.61 124,85 456,00 +106.36 +141.60 492,75

INS 111

17,30
7.10

" 9,80
555,10
3,40
306,70
3340.40
2,80
17,70
4,30
30,40
1163. 00
21.00
3.40
0,02
340,86
6.02
3701,00

49,28
1,45
10,63
" 32,64

418,83
et 0,15 °

C, 46
+188,27

s 114

293.70
115.59

8,70

aT1.20
21,90

© 70,90

353.70
S.00
90,70
54,40
154,60
1066,00
25,00
26,22
0,02
40,65
0.95

" 1080,70

35.46
37.70
12,33
14,51
217.13
0.17
0,45
*453.08

90¢
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DATA



4

. - Table A.1 Nuclear data, detectors, and counting times for RER.

Nueclide

140
La

141

Ce

147
nd

152
153
Sn

153
cd

160
Tb

166
Ilo

169
Yb

170
Tm

177
Iu

Half-life

40,2 hre
33 dayé
11,1 days
12 days
47 hrs

242 days

72,1 days

29.9 hrs
31.8 days
130 days

6.7 days

Main energies
(Kev); reactor
Centre
recommendation

815.8, 1591.4
145.4

91.4, 531.0

121.8, 344.4

69.7. 103'2

97.4, 103.2

86,8, 298.5, 879.3

. 80,6

63.1, 109.8, 198.0
84.3

113.0, 208,4

Main energiles

(Kev) or

peaks used

1595.0
~ 145.60
91,40
121.9
_105.1
977
87.0
80,7
634

84.4

208,4

’

N

Detectox
used

B Ge(Li)

Gerzaniun

Counting .
time
{seca;)

600

6,000 - 10,300

60%



" Table A.2 Multi-élemental standards Qﬂg per Q0,09903 cm3) i

La
Ce
Nd
Sm

Eu

Gd

T

Ho
Tm
Yb
| Lu

2,878
0.889
2,768
0.5932
0.1984

0.5983

0.0990

0.10184 -

0,08635
043961

0.06288

0I¢



Table A.3. BCR-1 Analyses (values in p.p.m) N
La. Ce Nd Sm Eu Gd = Tb Ho Tm Yb Lu
l. Flanagan (1973) 26 53.9 29 6.6 1.%4 6.6 1.0 1.2 0.6 3.36 0.55
* 2+ University of '27_-1;1 4444 31+3. Ten2 1.95 5+1 1.2 l.4 0.63 3.6 0.66
London Reactor +0.05 +0.1 +0.2 +0.06 0.1 +0.03
Centre ‘
(1968) : " 40.05 +0.1 +0.1 +0.1 +0.4 +0.05
44 Rey et al. 29+1 57+2 33+2 7.2 2.1 6.3 0.82 1.40 0,53 3.3 0.57
(1970) +0.2  +0.2 +0.3 +0.02 +0.02  +0.01 +0.10 +0.01
5. Haskin et al. 2426 55-66 31 7ed~ 1.93~ 6.7~ 1.8 l1.22-~ - 3.5 0.53
‘ (1968 ) ’ 7.5 «1.96 8.1 s 1.4‘7
!
6. This work 27.65 49,57 33.00 7.29 1.90 5.90 1.34 0.%4 0.51 3.32

II¢



312

B - SAMPLES' DATA

Classification based on Mineralogy.



- SAMPLE KO,

- Le
Ce
Na
Sm
Eu
Gd
Tb
Ho
Tm
¥b
Tu
£REE
Y
$REE + Y
La/Yb
¢ LREE
$ HREE
$ LREE/¢ IREE
La/Ce

LNB 40

4,26

3.63

1.18
0,30
0.74
0.26
0.05

1.7 -

QUARTZ -~ FELDSPATHIC GNEISS

LNB 41

61.77
66,92
60,29
13,07
2,18
3.34
4.86

- 2,05

13.35

2.02

229.85
152,50
382,35
4.70
202,05
25.62
T.89
0,94

'LNB 54

31.91
27.06
17.17
2.28
0.66
1.27
0,19

INB 61

19.09
20,17
7,02

1445
10,52
1.36
0,57

2,79

0.19
0.15

53,31

2,10

55.41
127.27

47,73

.06
9043
0.95

INB 83

28,18
41.21
- 20,50
2,50
0.79
1.21
0.16

0.21
0,29,

- 95,05
2,20

97.25

O97.17

92,39
1.87

49,41
0,68

MATIC
GNEISS

LNB 57

24,93
52.51

33,43 .

Te16
1.96

0.25 |
. 0.89

" 0,65
0.17
1.63

0.26

123.84

22,00

145.84

15,29

118,03
385
30,66
0.47

FELDSPATHIC
GNEISS

LB 74 -

18,79
12,63
1.30
1.85
1.13
0.29
0,89
0,49
0.66

" 38,03
4,06

42,63 .
28,47
‘32,72
3.46
9.46
1.48

¢IC



SAMPLE NO,

-Ia
Ce
Nd
Sm
Eu
Gd
Tb
Ho
Tm
Yb
‘ Lu,
S REE
Y
SRIE + ¥
" La/Y¥b
$ LREE
SHREE

SLREL/SHREE

- La/Ce

BIOTITE SCHIST © _QUARTZ BIOTITE SCHIST

INB 9 INB 37 ° INB 19 INB 24 INB 25  1NB 94
367 61.41  17.53 22,14 20,40 15.76"
67.00 39,50 - 10,31 19.73 34,78 - 5,94 -
35,87 68,77 1.7 © 5.73  13.35 7.14
7.74. 12,08  0.54 . 1.34 2,04 . 2,88
1,36 1.86 1,45 2,34 2,07 1,05
6450 - 1.40. 1.47 . 1.66 - 1.89
1.38 2,35 0.27 - 0,27 2,48
134 1,55  1.24 1,76 0,13+ 1,30,
0,54 - 0.78 - 0,17 -
4,36 . 5,17  4.25 0,12 1.66  22,50"
0,67 . 0,71 0.73 - 0.29 3.17
164,45 193,35 - . 40,21 54,63 ' 76,82 70.59 - |
20,70 - T1.40 . 18.40 - 0.50 14.20’ - 200,30
185,15 264,75 58,61 - 55.13 91,02 270,89
8.70 11.88 4,12 184,50 12,29 £ 0,70
148,28 181,71 30,09 48,94 70,57 = 31.72
14,81 9,78 8.67 3.35 4.18 31.34
10,01’ 18.58 3,47 14,61 16.88 . 1,01.

0.56 - 1,55 1670 - 1012 0.59 "+ 2,65

¥I¢



La
Ce
Nd
Sm
" Bu
Gd -
Tb
Ho
Tm
Yb
Ia - .
$RER
¢ .
$RED + X
La/Yb
S IRED
2RED
S1LREE/SHRED
La/Ce

LNB 30

11,00
33.92
18,82

4,86

1.40
4,29

0.95
0,74
" 0.47
3,34
0,52
80, 31
135,60
115,91
3.29

68, 6
10,31

6.65
0.32

INB 31

13.81
- T9.57
20,50
| 5.41

1.38

5.08
0.94

1,05

0,14
3,00

S, 0,46
131.72

36.10
167,82
4,60
119.29
10,67
11,15
0,17

HORNBLENDE GNEISS
INB 32

10.21
21,71
17.75

4.51
1,45
4,46
0,87
1,42
040
- 2,95
0.49
66,22
34,60
" 400,82
3.46
54,18
10.59
5,12
0.47

LNB 34 -

16.83.

3T.44
9.17

1.61
. T.83
1,65
2,90

85,76
68,60

. 154,36
2,81

65405
18,10
- 3e41

6,00
- 0,72

LNB 56

6,35
12,71

8.23
8,00

0.471

2,56
0.44
0.80

1e26°

0,07
40,83
10,90
51.73
5. 04
35,29

513 .
6.88

IS



SAIZPLE NO,.

La
Ce
Nd
Sm
Tu
Gd
Tb
Ho
Tm
Yb
Iu
$RER
Y
£REE + Y
La/Yb
 4IRZE
$ HREE
SIREZ/SHRER
Ia/Ce

LNB 7

31,75

125,86
23425
3,76
1 1.91

2,44
10,30

0,17

0,26

0.06
186,00

6.70
192,70 |

122,12
180,86
3.23
55,99
0.25

INB 8

40,38

33,06
43,41

Tedd

1.61
4477

0.81

-~

0.82

1.21

0,29

133.80

14,90
148,70
33,37
124,429

7490

15,73
1.22

BIOTITE ~ MUSCOVITE - GARNET GNEISS,

LNB 12

44,55
36,73
49,32

9,14

1434

6.Q§4

0.88
1,36
2,52
0.17

29,30
181.34
17.68
139.74
10,96
12,75
1.21

152,04 .

LNB 16

35.43
89,00
33.27
5,73
0,91
4,38
.0,55

0.89
0,21
170.3T7 -
14,90

185,27
39.81
163.43
6.03
27.10
0,40

INB 22

'41.29'
36,40

45,87
756
1.54

6,05 .

0.48
0.69

0.25

140,13

. 6450

146,63
165.16
131.12

TedT

17455 |
113

'ILNB 33

3193

69,04

30,32
5,37
8.43
4,48

0054 '

0.43
0.05
1.29

0,18

151.98
16.50

. 168,48

24,75
136.66
6.89

19.83

0.46

LNB 35

" 30,51

21.81
22,76
5,31
1.56
. 5.14
0.59

1.00
0.13
98,81
13.10
111,91
30,57
90439
6.86

13.18
1040 -

‘LNB 36

31,00
118,04
31,51
5.34
1,85
4.84
0.42

0.43 .

0.84
V.11
194,38

13,50

207,88

36.90 -
185,89

6.64

128,00

O. 26

9I¢



SAIIPLE NO,

La
Ce
Nd-.
Sm
: lEu
Gd
Tb
Ho
Im
Yb
Iu
"$RZE
D 4
SRE + ¥
La/Yb
2 LREE
¢ HRER
4 LREL/ZHREE
La/Ce

LNB 38

68,51

\ B7.85
83,25
15,51
1.57

3,08

2,48
0,38

8,60 -
1.14

272,37
90,20
362,57
7.97
255,12
15,68
16,27
0,78

QUARTZITIC GNWEISS .

1

INB 39

110.58.

96029

124.19

22,40
1.28
3.29 .
4,04
1.94
0.06

10.80
1,46

376,21

116,80

493,01

10, 24

353,38

21.59
16437
1.15

LNB 44 .

62,05
73,08
70,31
13,51

1.79
13.39°

2,48
3,22
2,18
6439
0.79

249,19

78.10

327.29

- 9.71

218,95
28.45
TeT0
0.85

ILNB S0

49.73‘
38,77 °
36,04

5.18
1.89

2.74
"O. 56 -

0.59

0.13

2,64

0037 *
'138.64,
.. 32,00

170.64
18,84

129.72

. T.03
18445
1.28

LIS



SAITPLE NO.

La |
Ce
Na
Sm
Eu
Gd
Th
Ho
Tm
Yb'
. Lu
$ REE
v
SREE + Y
La/Yb
% LREE
¢ HREE
¢ LREL/SHREE
'La/Ce

INB 43

53,10

61.10

56.78
12,17
1.21

12,26

2.70

4.52

" 2089
8,08
0.99

215,80

94,40

310, 20
6,57
183,15
31.44
5,83
0,87

" QUARTZ MICA SCHIST

INB 76

28,16

23.15
17.02
2.61
0.99
- 0.39
0.80

1.46

18,40
92,98
19.29

70.94

2,65
26,77
1.22

74,58

- QUARTZ -
MAGNETITE

GNEISS -

LNB 90

:26.00‘ vv

47451
28,10
. 8,03
0.82
5.82
2,15
0.56
2,42
0.41‘

121,92

20.60
142,52
10.74
109,74

11,36

9.66
0.55

" QUARTZ - GARNET -

MICA GNEISS

LNB 42  INB 49
61,01 13.94
152,29 . 14.18
67.01 . - .5.85
13.79 . 0.85
2.18 2,23
18,34 0.43
2.91 0.24
3,24 0.41
1.23 0,20 -
9.27 0,96
1.47 0,10
332,74 39,39
107,20 © 9,10
439.94 . 48,49 -
6.58 . 14,52
254,10 34,82
36,46 2,34

. 8,07 . 14.68

0,40 0.98

i

8I¢



SAIPLE NO,

La
Ce
Nd
Sm
Eu
Gd
Th
Ho
Tm
¥Yb
Ia
. 4 REE
4
SREE + Y
La/Y¥b
$LREFR
SIRER
$TREN/ SHREE
S La/Ce

-LNB 6

47,22
37.66
47,62
8.88
1.73
1.94
0.84
1.58
0430
1.46
0.25
149,49
54,30
203,79
32.34
141,38
6438
22,16
1.25

LNB 10

35.22

67.46
. 33445

- 5400

1.57
4.53
0. 44
0.70
0,19
1.95
0,37
150,88
18,40
169. 28
18,06

141,13

8,18

17.25
0.52

INB 15 -

23,37

17.36
18,57
3.08
1,10
2,32
0.37
0,37

0.62
0.05

. 67,43

T.40
T4.83
37.69
62,40

3.93

15,88
1635 .

LNB 17

12,54
22,15
4,22
1.18

5,64 .

O. 50

* INB 21

27464
23,79

36422,
6054 ’

1.02

0,99

0.80

" 0.63"

97.63

15.10
112,73

43,87.
‘94,19

" 1.16

INB 26

36,81
150.27
25,42

3.56

1.13 -

2,67
0.30

0, 38
0.12

221,01 .
6,30

227.31
96,87
216,05

56,41
0,24

0.36°

3,83

LNB 62

91,94
182,87 .

35,68
5.90
1437
1,06
0,50
0.67,
0.14

270,13

10,90

281,03
62,60
266,39

112,40
" 0.23

LNB 63

. 41,61
166.50
43,77
8.27

S 1,72
131
0.87
0,01
2.31

. 0,41
266,78
34,50
301,28
18,01
260,15
4.91
52,98
0.25

QUARTZ ~ BIOTITE.= GARNET .GNEISS

LNB 81

46,61
35.98
42,91
6.51
1.35
3.21
© 0,83
2,04

1.39

-

140.83

11.60 -
©152.,43

33.53

132,01
To4T
 17.67.

1,30

LNB 87

39,70
31.67
36,85
- 5.14

1.78

3,28
0. 26
0, 34
’ 0. 36
119.38
6450
125,88
110,28
113. 36

4.24 *
26,74

1425

LNB 95

54426

106,93

L T9e51
12,20
2.20
2,42
117
0.16
1.06
0.18
260,11
12.30
272,41
51.19
252,90

4,99.

50, 68
0.51

6I¢



SANPLE NO.

1a
Ce
Né
S
Eu
¢4
- Tb
Ho
T
Yo
I
SREE
Y
ZRES + X
La/Yo
% LREE
$ IIRER,
SLREE/ZIREE
La/Ce

ULTRAIARIC
GNEISS

LNS 443

41.43
19.14
85,14
17.43
S 3,33
12,93
1,75
1,28
2,55
0.31
185,29
235,00
420,29
16.25
161,14
18,82
8,67
2.16

GARNET GRANULITE

LNS 104 1INS 112

68,49
46,13
52,06
8.63
2,01
9.65
- 1.87
2,42
1.95
4,94
0.53

198,68
45,50
244,18

13.86

- 175631

21,36
8,21
1.48

21,24

"34.52
17.22
3.59
144
2,90
0.52
0.34
240

0.25

84.42
17.20
101,62

8.85
76457
C 6.4
11.95
0,62

" QUARTZ =
. GARNET -
FPELDSPAR GNEISS ‘GARNLT GNEISS GARNET GNEISS

LNS .111

37.14
23,13
4.96
1,01
2,00
0,44
0.14

0.41 .

0.86
0,77
0.04
70,90

3.40 .
74,30

48,23
66424
2,66

24,90

1,61

b

QUARTZ =
BIOTITE =

LNS 108

42,14
63.93
28,57
5.17
1.51
3,41
1.86
1.45
T.50
1,26
157.39
T1.20
- 228,59
5,70
140,40
15448 °
9,07
' 0468

QUARTZ « -

FELDSPAR =

LNS 101

42,73
24,33 .
21.40 "
2.83
1,65
0,98
0,32
0,26
-
0,76
88,60
3.10
91,70
47.40
84,63
2.32
36,48
1.48

BIOTIZE - GARNET

GNEISS

QUARTZ =

FELDSPATHIC

GNEISS

INS 110 INS 99. INS 114  INS 115

+.36,10
26,85
S5.T7
1.30
1.79
0.50
0.44
0.72
2,73
0.35
68.40
23,20
91.60

10,24
‘ 61.87

4,74
13405
1.04

" 27,95

60023

24,18

2,59
1.35 -

1043

0,15

0.32
0,01
138,04

1.00

139,04
433.45
134,68
2,01

. 67,00
0.79

28.39
49,87
23,28

4.18
1,48
1.84
0.75
2.66
0.14
1.65
0,36

114,60
21,70

136,30
17.21

105,72

" T.40

14,29
0,57

15.75°
42,17
20.97.
3,74
1.11
3.72
043
0.39
0.76
0,17
89.21
7.10
"96, 31
20.72 .
82,63
Se &7
15.11
0.37

02¢. :
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SANMPLE NO.

La
Ce
Nd
Sm
Eu
Gd
. Tb
Ho
Tm
Yb
Iu
$REE
Y
ZREE + ¥
La/Yb .
4LRED
$HRED
SIRTE/SHREE
‘Ta/Ce

LNB 30

11,00

33,92
18,82
4,86
1,40
4,29
0.95
0,74
0,47
3,34
0,52
80, 31

35,60

3,29
68. 6
10, 31

6.65

0.32

AMPHIBOLITE

LNB 31

13,81

7957
20,50
5.41
1.38
5,08
0.94
1.05
0,14
3,00

0.46

131,72
36410
167.82
4.60

10,67
11.15

0.17.

LNB 32

10.21
21,71
17.75

4.51

1.45

4,46
0.87

1,42

0.40
2,95
0.49
66,22
34,60
100,82

3.46
54,18
10.59

5012
0,47

LNB 34
16,83

37.44
9.17

1.61
7.83.

1465
2,90
6,00
0.72
85.76
68,60
154,36
2.81
65,05

19.10

3.4

BASIC

LNB 56

6.35
12,71

8.23

8,00
0. 41
2,56
0.44

0.80 -

1.26

0,07

40,83
10, 9

51,73

5,04
35,29
5.13
6.88
0. 50

GNEISS

- INB 57

24,93
52,51
33.43
7.16
1.96

0425

0.89
0,65
0,17
1.65
0.26
123.84
22,00
145,84

118,03
3.85
30,66
'0.47

RETROGRESSED
LEUCO - GABBRO

- LNS 113

.41.43
19.14
85,14
17.43

3.33
12,93
1.75
1.28
2,55
0.31

185,29

235,00

420,29

16,25

163,14

18,82 -
8.67
2,16

cee



SANPLE NO,.

1a
Ce
Nd
Sm
Eu
Gd
Tb
Ho
T
Yb .
. I
ZREE
Y
ZREZ + Y
La/Yb
$IREZ
_ $HR¥E
£ LRER/SHREE
La/Ce

LNB 40

4.26?
3.63
1.18
0.30

0.74

0,26

0.05

1417

ILNB 41

61,71
66,92
60.29
13.07
2,18
3.34
4.86
2,05

13,35
2.02 '

229,85
152,50
382.35

4.70

202,05

25,62
7.89
0.94

GRANITIC GNEISS

LNB 54

31,91

27,06
17,17
2,28
0.66

1,27
0,19 .

18,42

1.18

ILNB 61

19,09

20,17
T.02
1445
0.52
1,36

0.57

2,79
0.19

- 0,15 -

153,31
2.10
55,41
127.27
47.73
5,06
9.43
0.95

‘LNB 83

28,18
41,21

20,50

2,50
0,79
1.21
- 0.16

0.21
0,29

92.05 -

2,20
97.25
97.17
92.39

1.87

49.41

0.68

INS 115

15,75
42,17

20,97

3.74
1.11
0.43

0.39

0.76
0.17

89,21

7.10
96.31
20,72
82,63
5,47
15.11

0,37

g2t



SANPLE WO,

La
Ce
Nd
. Sm
Fu _
“oed
Tb
Ho
Tm
Yb
lu
% REDR
Y
C%RIE + Y
La/Yb
4 LREE
SHRE®Y .
$LRET/SHREE
La/Ce

~LNB 9

37.67

- 67,00

35.87
T. T4

1,36

6.50
1.38

134

0.54
4.38
0,67
164,45
20,70

. 185,15

8470
148,28

14.81 -

10, 01
0.56

"LNB 37

61,41

39.50
68,77
12,08

1,86

2.35
1,55

5.17

264,75
11.80
181,71
9.78
18,58
1,55

S 0,71
193,35
71,40

META - PELITE
LNB 90

26,00
47,51
28,10
8,03
0,82
5. 82
2.15
0.56
2.42
0441
121,92
20,60
142,52
. 10,74
109.74
11.36
9.66
0655

LNS 104

68449
46,13

52,06 =

8,63
2,01 .
9.65 -
1.87
2.42
1,95
4.94
0.53

~ 198,68

45450
244,18
13.86
175,31
21.36
8.21
1.48

IS 112

21.24

34,52

17.22
3.59
1,44
2,90
0.52
0,34
2,40
0.25

' 84042 -

17,20 -
101,62
8.85
76.57
6,41
11,95
0,62

1743



SAMPLE NO,

1a
Ce .

Sm

Eu

- Gd

Tb

Ho

Tm

- Yb

Iu

2 RER

Y

$RET 4+ ¥
La/Yb
$ ISR
?HREE

$ LRER/$ HREE

La/Ce

LNB 38

684,51
87,85
83,25
15,51

157

3.08
2,48
0,38

8,60

1.14
272,37
90,20

362,57

- 1.97

255,12

15,68
16,27
0.78

META - ARKOSE/IMPURE QUARTZITE

INB 39

110.58
96,29

- 124,19

22.40
1.28

3.29. .

4.04

1.94 .

0,06
10,80
1446

. 376,21
116,80
493,01
10,24
. 353,38

21,59 .

16,37

* 1015

LNB 44

62,05
73.08
70.31.

13,51
1.79
13.39
- 2.48
3.22
2,18
6439

0,79
249.19

78,10
32729
9.71

218,95

28,45
7.70
0.85

LNB 50

49.73

38.77
36,04

5.18
1.89

2.74
0. 56

' ‘0,59

0.13
2.64
0.37

138,64

132,00
170.64
18,84
129,72
7.03

18.45

1,28

Gz¢



SAITLE NO.
La
* Qe
" Na
Sm
o
G4a -
b

Ho
. Tm
Yb
Tu
¢ REE
Y
$REE + ¥
La/Yb
" $1azE
£{EE

$LREE/SHREE

La/ce

LB 6

47,22

'37.66

47,62
8,80
1,73
1.94
0.85
1,58
0..30
1.46
0.25

149.49
- 54,30
203,79
23.34
141,38
6.38
22,16
1.25

w7

31.75
125,86
23,25
3.76
1491
2,44
0.30
0.17
0.26
0.06
186.00
6,70
192.70
122,12
180.86
3.23
55,99
0.25

INB 8

40.38{

33,06
43.41
744
1,61
4.77
0.81
0.82
1.21
0,29
133,80
14,90
148,70
33.37

124,29

T+90
1573
1.22

INB 10 -

35,22
67446
33,45

5.00

1.57

4,53
0.44
0,70
0.19
1.95
0,37

150,88

18,40
169,28
18,06
141413
8,18

17425

0.52

META~-GREYWACKE

INB 12 B 15
44,55 23.37
36,73 . 17.38
49,32 18,57

9,14 3,08
1,34 1.10
6,03 . 232,
0.88 0,37
1236 - 0,57
2.52 0.62

0,17 0,05

152, 04 67.43
29,30 7.40

181,34 14083
17.68 37.69

139.74 - 62.40

" 10,96 3.93
12,75 15,88

1.21 135

INB 16
35.43
89,00
33,27
5473
0.91
4.38
0.55

0,89
0,21

170,31

14,90

185,27,

39.81

" 163,43

6.03
27.10
T 0,40

LB 19

17,53
10,31
T2
0.54
1.45
1.40
0,27
1.24
0,78
4,25
0.73
40,21
18,40

58.8%.
412
30,09

18.67
3,47
1,70

ILNB 21

| 27.64

23,79
36,22
6.54

1.02°

C+0,99
0.80

0.63

97.63
15,10
112.73
43.87
94.19

1.16

nB 22

41,29
36,40
45,87

7.56
1.54
6,05

0,48

0.69
0.25
140,13
6,50
146,63
165,16
131,12
7447
17.55

T 1.3

92¢



SALPLE RO.

Ia
Ce
Ra

Tu
#REE -
Y
£RZZ + Y
LafYb
$L3EE
£1.088

$LREL/{HRER

Ia/ce

INB 24

22,14

19,73
5,73
1,34
2,34
1,47

1.76

0.12

54,63

0,50
5%.13
184,50
43,94
3.35
14.61
1612

LNB 25

20,40
3.7

13,35

2.04
2.07
1,66
0,27
0.13
0.7
1.66

0,29 -
76,82

14.20
91,02
12,29

T0.57-

4,18
16.88

0,59

LB 26.

36,81
150,27
25,42

3.56

1,13
© 2,67

0.30
0,36

Q.38
0,12

221,01
| 76430

227431
96.87
216,05

3,83

56,41

0,24

- INB 23

31.93
69,04

30,32 .

5,37
8.43
4,48
0.54
0,43
0.05
1,29
0.18
154,98

16.50 °

168.48

24,75

126.66
6.89
19.83
0.46

META = GREY WACKE

1¥B 35 . 1INB 36 INB 42
30,51 . 31,00 61,01
21.81 118,04 . 152,29
32,76 31,51 67,01
Se31 . -5.34 o 13,79
.56 1.85 - 2.18
5.14 .. 4,84 ' 18.34
0,59 - 0,42 2.91
B 0.43 . 3.24
- - 1.23
1,00 " 0,84 . 9.27
0,13 - 0.1t - 1.47
98,84 194,38 . 33274
"13,10 . 13.50 - 107,20
111.91 207.88 439,94
30,57 36,90 6.58
190,33 . 185,89 . 294,10
6,86 6,64 36,46
13,18 . 28,00 8,07
0,40 0,26 - . 0,40

| INB 43

© 53,10
61.10

56,78,
12,17 -
S .21

12,26
2.70

8.52 °

.+ 2.89
8.08
0,99

215,80

94,40

310,20

6.57

183,15
344

5.82
0.87

INB 49 |

13.94
14,18
5.85
0.85
2.23
0,43
. 0.24
0,41
0.20
0.96

0.10 -
39.39

2.10
48,49
14,52
34,82

2,24

14,88
0.98

INB 62

41,94

182,87
35,68 |
5,90
LI

1.06
0,50

i 0,67

0.14

270.13

10,90
281,03
62,60
266.39

2,37 "

112,40
0.23

INB 63

41-61
166.50
42.T1

8.27 )

1.72
R
0.87
0,01
2.31
0.41
266.78
34.50

- 301,28

18,01
260,15
4.9

52,98
0,25

LRB 74

18.74
12,63

1.30

1.85

1.13
0.29
10,89

0.49

0. 66

38,03

4.06

42,63,

28,47
32,72
3.46
9.46
1.48

LZQ.



SANITLE 110,

Ia
Ca

T Rg
Sm
m'.

Tu
 $REE
¥
fREE + ¥
La/Yb
%L3ED
$L0EE
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Map1 - GEOLOGICAL MAP OF THE SUPRACRUSTAL BELT AROUND LOCHAN CREIGE 'MHAIL, SCOURIE
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Map 2 - GEOLOGICAL MAP OF THE SUPRACRUSTAL BELT AROUND LOCH

NAM BRAC. FOINDLE

(/]

AN

] ]
e o .
p o .
. . .
]

Supracrustal Rocks

C C ¢

C C C

C C ¢

o

0 O

4
///

%

C /?4//; | 7 //j'
xﬁ/@r T
T 718007

) bt /) st ) R
e Fanagmore S A A /\/ 5L ﬁ%ﬁi e \J\f;\ N =
| ke ;7;/@'”9' ,b\éj" Meta_ Igneous Rocks
>~/ o/ \/° Scourie dyke (metadolerite)
“/\\/ Quartz _feldspathic gneiss
11 ‘Banded’ acid gneiss

Mafic gneiss
Hornblende gneiss
Anorthositic gneiss
Ultramafic gneiss

Feldspathic gneiss
Biotite_muscovite_garnet gneiss
Biotite schist
Quartz_biotite_garnet gneiss
Quartz _biotite schist
Quartzitic gneiss

Quartz _mica schist

Quartz_magnetite gneiss

‘Quartz_garnet_mica gneiss

Structures

Laxfordian foliation

Fault

Laxfordian shear zones

Axial trace of Fq folds

Lithological contact (certain)
. s (inferred)

Laxfordian lineation

sample locality

Cape Wrath Durness

)

SFOINDLE Wick «

sLairg

oo

Ullapool

"

*Inverness

P.O.-0OKEKE




Map 3 - LITHOLOGICAL MAP OF THE SUPRACRUSTAL BELT AROUND LOCHAN CREIGE 'MHAIL,SCOURIE
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Map 4 - LITHOLOGICAL MAP OF THE SUPRACRUSTAL BELT AROUND LOCH NAM BRAC FOINDLE
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