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Abstract
The Godthabsfjord region of southern West Greenland is now considered to
consist of a minimum of three terranes including: the Akia terrane, the Akulleq
terrane, and the Tasiusarsuaq terrane. The geochronology and geochemistry of
the mid-Archaean Akia terrane, which is dominated by the type-N({k gneisses,
is the focus of this study.

Chemical and isotopic analyses lead to the conclusion that the type-Nak
gneiss igneous precursors were produced by partial melting of basic crust with
variable amounts of garnet in the residue. Large volumes of tonalitic magmas
produced in this manner underwent subsequent fractionation of hornblende
{and to a lesser degree plagioclase) producing melts of trondhjemitic and
granodioritic composition.

Precise U-Pb zircon analyses, determined by both ion microprobe and
small sample techniques, of a number of type-Ndk gneisses show a range of
ages from 2920 to 3040 Ma. The data are insufficient in number to confidently
conclude whether magmatic activity was of a prolonged or episodic nature,
though there appears to be a clustering of ages at about 3000 Ma.

Regions within the Akia terrane previously identified as being composed
of Amitsoq gneisses show no isotopic evidence of being Amitsoq in nature. lon
microprobe data do suggest that some of these areas may be remnants of felsic
crust some 3250 - 3400 (?) Ma old.

Uranium-Pb SHRIMP zircon analyses gave an age of 3193 = 7 Ma {20}
for the dioritic protoliths of the Nordlandet granulites of the region, with peak
granulite-facies metamorphism occurring at 3014 + 7 Ma (20}. Consequently,
the Nordlandet protoliths are = 150 Ma older than the igneous precursors of
the type-NOk gneisses and proves the two are not contempgraneous.

The granulites show extreme depletion in many of the LILE, especially
Rb, Th, U, K, and Cs making them the most depleted granulites on record (K/Rb
up to 11000). Geochemical evidence does not indicate LILE depletion via partial
melt extraction though locally this may have been a factor. LILE depletion via

a fluid phase is the favoured mechanism of depletion.



Finally, the ‘refined’ single-bead zirzon technique, developed as part of
this study, provides a simple and elegant means of Pb separation for single-

zircon work, with a very small Pb blank.
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CHAPTER 1
introduction

The focus of this thesis is the geochronology, isotope geology, and
geochemistry of the mid-Archaean’, type-NGk gneisses of southern West
Greenland and the Archaean history of the Akia terrane, which is largely
made up of the type-Nik gneisses. The field area, centred about Nuuk
{formerly Godthab), the capital of Greenland, forms part of the Archaean
gneiss complex of southern West Greenland. This complex is part of a much
larger block that makes up a significant portion of the North Atlantic Craton
as defined by Bridgwater et a/. {(1973) (Figure 1.1). In the context of North
American geology the area, together with the Archaean of Labrador, is
considered part of the Nain province (Hoffman, 1988).

The Archaean of southern West Greenland has been important in the
development of our understanding of the origin and evolution of the Earth’s
continental crust (e.g., Moorbath and Taylor, 1281). By the mid-1980's
some ten to fifteen years of field- and isotopic-studies had resulted in a fairly
comprehensive understanding of the origin and history of the high-grade
Archaean rocks of the Godthabsfjord region. McGregor (1273) divided the
grey gneisses of the area into one of two major litho-stratigraphic complexes
on the basis of the presence or absence of the now amphibolitized, basic
Ameralik dykes. In this manner he was able to differentiate the older, early
Archaean, polygenetic, Amitsoq gneisses (that contain relicts and fragments
of the Ameralik dykes) from the younger, mid- to late-Archaean Maiene
supracrustals and Nik gneisses {from which Ameralik dykes are absent].
McGregor {1973) defined the Ndk gneisses as all those quartzo-feldspathic
gneisses in the Nuuk area that did not contain Ameralik dykes and which

! within this thesis the Archaean is divided into
early- (4000 - 3400 Ma), mid=- (3400 - 2900 Ma) and late-
(2900 - 2500 Ma) after Harland et al., 1982.
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intruded the Amitsoq gneisses, Malene supracrustals, and leucogabbro-
anorthositic rocks of the region. When mapping outside the Godthabsfjord
region other workers employed this definition, which led to a division of the
"Ndk gneisses" into Nk gneisses sensuo stricto (the type-NGk gneisses
from the Nuuk townsite and environs}, and NGk gneisses sensuo fato, which
also included those from outside the immediate Godth&bsfjord region.
However, mapping the Buksefjorden region south of Nuuk, Chadwick and
Coe (1973) and Chadwick et a/., (1974) were always opposed to the
application of McGregor’s terminology, particularly in regard to the Nk
gneisses (s./.) which they showed had been produced by remobilization of
older gneisses. At that time conventional dating methods demonstrated that
the Amitsoq gneisses were ca. 3650 Ma old, whereas the NGk gneisses (s./)
ranged in age from 3070 - 2650 Ma. |

1.1 Rationale for this Study

in comparison to the older Amitsoq gneisses the N(k gﬁeisses have
received significantly less study. Prior to this study, no thorough integrated
isotopic and geochemical study of the type-Nik gneisses, with or without
strict age contro!, had been carried out on the same samples. Consequently,
a detailed isotopic and geochemical investigation of these rocks was
considered worthwhile for a number of reasons.

Firstly, conventional U-Pb zircon analyses of sized fractions from
fourteen type-Nik gneisses yielded Concordia upper intercept apparent
crystallization ages that spanned 175 Ma (ranging from 3065 to 2890 Ma)
(Baadsgaard and McGregor, 1981). Similarly, previous dating of the Nik
gneisses (s./.) of southern West Greenland using whole-rock Rb-Sr and U-Pb
bulk zircon technigues gave dates that spanned some 400 Ma (i.e., 3065 -
2650 Ma). Either interval seemed an inordinate length of time for a supposed
single 'super event’ of continental crust generation (Moorbath et a/. 1986).

Thus at the beginning of this study it was believed that a detailed
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U-Pb zircon study of the various phases of the type-N{k gneisses, employing
current methodologies (e.g., single zircon and ion microprobe dating
technigues) might explain this enigma and reveal evidence of an episodic
history of magmatism as opposed to a single, protracted period of activity.
In this sense the study parallels that of Baadsgaard et a/., {1986) who
showed the Amitsoq gneisses at Isukasia to be comprised of three
lithologies of significantly different ages.

Secondly, soon after this study was initiated the geology of the
Godth&bsfjord region was reinterpreted in the context of a "terrane model’
(Friend et a/., 1987, 1988; Nutman et a/., 1989; McGregor et a/., 1991).
Under this model the study area comprises a significant portion of the Akia
terrane, a small section of the adjacent Akulleq terrane, and part of the
tectonic boundary between these two terranes (the ivinnguit fault). As
defined in the terrane mode! the Akia terrane does not contain any early
Archaean Amitsoq gneisses - in the model they are confined to the Akulleg
terrane. However, the region now defined as the Akia terrane has numerous
areas that were originally mapped by McGregor as being Amitsoq gneiss,
largely on the basis of the presence of amphibolitized basic dykes (Figure
1.2) presumed to be Ameralik dykes. Prior to this study there were no
geochemical, isotopic or geochronologic data on the gneisses from these
areas (hereafter referred to as Akia terrane ‘Amitsoq gneisses’) and it was
solely on the basis of the terrane model was their original designation was
questioned. The existence of Amitsoq gneisses in the Akia terrane would call
into question the validity of the Akia terrane as a distinct, separate entity
from the Akulleq terrane. Consequently, samples of the Akia terrane
* Amitsoq gneisses’ were collected for geochemical and isotopic study with
the expectation that the results would permit an objective decision to be
made as to their age and hence the integrity of the Akia terrane.

Thirdly, the early Archaean Amitsoq gneisses and mid- to late-

Archaean Nk gneisses (s./.) are considered to be the products of two major
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Figure 1.2 Folded and fragmented amphibolitized basic dyke from the Akia

terrane ‘Amitsoq gneisses’ southern Sadele {penknife = 9 cmj).



episodes of continental crust accretion {Moorbath, 1977). Although the
salient features of the two phases are similar, it was hoped that a detailed
geochemical study of the type-Nik gneisses (when compared with data on
the Amitsoq gneisses) might reveal differences related to changes in the
Earth in the intervening 600 Ma or so (particularly the effect of its dwindling
thermal budget).

[t was also considered that the results of this study might enable
stricter constraints to be placed on geological processes that operated in the
Archaean, particularly processes that are poorly understood; e.g., the
generation of tonalitic and trondhjemitc magmas {with the associated
implications on the origin of the early continental crust}, the formation and
depletion of granulites in heat-producing and related large-ion lithophile
elements.

In regards to the generation of tonalitic and trondhjemitic magmas in
the Archaean there have, in recent years, been numerous experimental
studies performed to elucidate the origin of Archaean, sodium-rich 'grey
gneisses’. It was considered that it would be useful to compare the results
these studies with the geochemically and isotopically well-characterized

type-N{k gneisses of this study.

1.2 Research Procedures.

Samples were collected largely by the author and Dr. Allen Nutman
during a five week period spanning part of June and July, 1987. Drs. Clark
Friend and Vic McGregor also participated in sampling towards the latter part
of this five week period. Details of sample locations, sampling procedures
and sample preparation are given in Appendix 1.

With the above research questions in mind, samples were selected for
zircon geochronology and/or whole-rock isotopic studies, and elemental
analysis. One hundred and twenty-three samples were collected, all of which

were analyzed by X-ray fluorescence (XRF} and instrumental neutron
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activation analysis (INAA) as described in Appendix 1. Whole-rock Sm-Nd
and Pb-Pb analyses were perfermed on all but a few samples, and Rb-Sr
analyses on the majority of samples. Zircons were separated from some
twenty-five samples and analyzed by single - smali sample chemical
techniques and/or high resolution ion microprobe mass spectrometry. Details
of the chemical procedures and mass spectrometric determinations are

described in Appendices 2 and 3, respectively.



CHAPTER 2
Geological Setting
Before reporting the results of the investigations of this study, a
synopsis of the Archaean geology of southern West Greenland is presented

to provide a geological framework in which to interpret the findings.

2.1 Synopsis of the Archaean geology of the Godthabsfjord Region

Prior to 1987 the geology of the Godthabsfjord region (as outlined
above) was considered to be applicable through-out the region (McGregor et
al., 1986).

The recognition of a number of major tectonic breaks within the
Godthabsfjord region in the late mid- to late-1980's by Friend et a/., (1987,
1988) coupled with detailed U-Pb zircon studies, led to a reinterpretation of
the geology of the area in terms of discrete tectono-stratigraphic terranes or
biocks analogous to those identified in Phanerozoic and Proterozoic orogenic
belts and formed by plate tccionic processes (Windley, 1984).
Amalgamation of the terranes is inferred to have taken place in the late-
Archaean, prior to the intrusion of the Qorqut granite at 2530 = 30 Ma
(Baadsgaard, 1976; Moorbath et a/., 1981).

This reinterpretation provides a model to test both new and old
hypotheses, has significant implications regarding the operation of plate
tectonic-like processes in the Archaean, and in a broader sense tests the

universality of the principle of uniformitarianism.

2.1.1 The Terrane Model of southern West Greenland.

Between Feeringhaven and Tre Bredre, some 50 km south of Nuuk,
three terranes were initially identified in the late mid-1980’s (Friend et a/.,
1987). They included the Feeringhaven terrane, the Tre Bradie terrane, and
the Tasiusarsuaq terrane. Further mapping and geochronological studies led

to the definition of a fourth terrane, the Akia terrane (which encompasses
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the type-NGk gneisses); and the realisation that differences in the
Feeringhaven and Tre Bradre terranes were in fact local and not regional.
With no major distinction made between these twe, the 'Akulleq terrane’
was introduced for those rocks previously defined as belonging to the
Feeringhaven and Tre Brodre terranes (the latter two "terranies’ being
demoted to sub-terrane status}.

The boundaries of the various terranes are tectonic in nature. The
Qarliit nunaat thrust separates the Akulleq and Tasiusarsuaq terranes, while
the Ivinnguit fault separates the Akulleq and Akia terranes {Figure 1.1).

Apparently, the individual terranes amalgamated just prior to about
2700 Ma (probably at ¢. 2720 Ma) as indicated by the age of nui..c.ous
granitic (s./.} sheets that occur throughout the Godthabsfjord region.

In addition to the Feeringhaven, and Tre Bredre sub-terranes in the
south, the Akulleq terrane was also divided into the Isukasia sub-terrane in
the northeast.

The salient features of the three terranes comprising the Nuuk region
as synthesized from Friend et a/., 1987, 1988; Nutman, et a/., 1989, and

McGregor et al. (1991) zre as follows:-

2.1.1.1 The Akullegq terrane

Also referred to as the Centra! block, this terrane forms a NE-SW
trending linear belt some 150 kms in length that stretches from south of the
mouth of Bukesfjorden (south of Nuuk) to the Isukasia area in the northeast.
As previously mentioned it is divided into three sub-terranes namely, the
Fzeringhaven, Tre Bredre, and Isukasia sub-terranes. Amitsoq gneisses
dominate the Faeringhaven and Isukasia sub-terranes, while late Archaean
Ikkattoq quartzo-feldspathic gneisses (NUk gneisses, s..) are the major
gneissic component of the Tre Bradre sub-terrane, and locally intrude

Amitsog gneisses.



There are at least three supracrustal sequences within this terrane.
Two of the sequences are older than the Amitsoq gneisses (the Akilia
association, and the Isua supracrustal sequence) and one younger {formerly

known as the Malene supracrustals}.

2.1.1.2 The Akia terrane

The extent of the Akia terrane is shown in Figure 1.1. Prior to this
study the terrane was believed to be dominated by 3070 - 2800 Ma tonalitic
to dioritic amphibolite-facies, type-Ndk gneisses, which underwent granulite-
facies metamorphism in its northwestern parts at ¢. 3000 Ma.

The type-locality for the Malene supracrustals is situated within the
Akia terrane. They are comprised of amphibolites and pelitic to semi-pelitic
metasedimentary gneisses. Amphibolites, on the southeast of the island of
Bjerneeen, contain recognizable pillow lava structures. A full description of
the various lithologies comprising this sequence may be found in McGregor
(1973) and McGregor et a/., (1986).

The Akia terrane is also referred to as the northern block.

2.1.1.3 The Tasiusarsuaq terrane

Also referred to as the southern block, this terrane is dominated by
ca. 2900 Ma tonalitic to dioritic gneisses which underwent granulite-facies
metamorphism at ca. 2800 Ma. There has been extensive retrogression of
the granulites to amphibolite-facies grade {McGregor and Friend, 1992}, The
well-studied Fiskenassset Complex (Myers 1981, 1985; Ashwal ef a/., 1989)

belongs to this terrane,

2.1.2 Overview of the geology of the Amitsog, NGk, and Ikkattoq gneisses.
In addition to a major section of the Akia terrane, the study area
comprises parts of the Akulleqg terrane that border the Akia terrane.

Consequently, a summary of previous work on the Amitsoq, lkkattoq, and
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type-Ndk gneisses is presented to familiarize the reader with the rocks most

relevant to this study.

2.1.2.1 The Amitsoq Gneisses.

As defined by McGregor (1973), the Amitsoq gneisses are a
polyphase suite of early Archaean quartzo-feldspathic, banded, grey
orthogneisses that include remnants of basic dykes. Tonalitic to granodioritic
compositions predominate. However, almost a third of the Amitsoq gneisses
that crop out on the southside of Ameralik fjord are comprised of a
distinctive, atypical suite of Fe-rich augen gneisses and minor ferrodiorites
(Lambert and Holland, 1976; Nutman et a/., 1984a).

In outer Godthabsfjord most of the Amitsoq gneisses have been
intensely deformed, and practically all intrusive relationships have been
obliterated. Fortuitously, at Isukasia an augen of low deformation some 10
kms in diameter preserves both the Isua supracrustal sequence, and the
cross-cutting relationships of various components of the Amitsog gneisses
{e.g., Allaart, 1976; Nutman et a/., 1984b; Nutman and Bridgwater, 1986;
Baadsgaard et a/., 1986).

Within the Amitsoq gneiss complex, and particularly at the mouth of
Ameralik fjord and the islands northwest of Bukesfjorden, enclaves of
supracrustal rocks termed the Akilia association occur (McGregor and
Mason, 1877}. These metabasaltic and metasedimentary rocks were
interpreted as representing possible fragments of a greenstone belt-like
sequence. Similarly, at Isukasia the Isua supracrustal belt is surrounded and
locally intruded by Amitsoq gneisses. At c3. 3800 Ma old, this is the world’s
best preserved early Archaean supracrustal sequence (see Nutman, 1986 for
a superbly detailed study of the sequence). As such it has been extensively
studied in an effort to place limits on early Archaean crustal processes and
mantle evolution (e.g., Hamiiton et &/., (1978, 1983); Moorbath et a/.,
(1986); Jacobsen and Dymek, (1288)). McGregor and Mason (1977)
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tentatively correlated the Akilia and Isua supracrustal sequences because
both are intruded by Amitsog gneisses. However, as shown below this is not
now considered to be the case.

Although the mineralogy of the Amitsoq gneisses is indicative of
upper amphibolite-facies metamorphism, relict high pressure granulite-facies
mineral assemblages occur in the cores of many of the basic and ultrabasic
rocks of the Akilia association (McGregor and Mason, 1977). From their
study Griffin et al., {1980) concluded that the Amitsoq gneisses were
depleted in Rb and U during a granulite-facies metamorphic event that
reached its maximum at ca. 3600 Ma. The depletion in U, which must have
occurred soon after emplacement of the igneous precursors of the Amitsoq
gneisses, has resulted in a characteristic unradiogenic Pb-isotopic signature
for the gneisses (Black et a/., 1971). However, care must be exercised when
utilizing older published data on some "Amitsoq gneisses” because of
possible misidentification in the field (see Chapter 3 for details).

Geothermometry and geobarometry of the granulite mineral
assemblages permits limits to be placed on the thickness and geothermal
gradient of the eariy Archaean Amitsoq crust. Analyses indicate that the
crust was likely at least 20 km thick, with a geothermal gradient = 30°C
km™' at ca. 3600 Ma. This implies that the greater radiogenic heat
" production of early Archaean times (some 3 times that of today, Lambert,
1976) was not dissipated through the continental crust, and suggests that
the rheological properties of the continental crust were likely not significantly
different than those of the continental crust today. A corollary to this is that
the excess radiogenic heat must therefore have been lost through the
oceanic crust, possibly by longer ridge lengths (hence smaller plates, e.g.
Hargraves, 1986} and/or by greater spreading rates (Bickle, 1978).

Because of their great age (Black et a/., 1971; then the oldest known
terrestrial rocks) the Amitsoq gneisses have been intensely studied (e.g.,
Moorbath et a/., 1972; McGregor, 1973; Baadsgaard, 1973; Baadsgaard et
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al. 1976; Griffin et a/., 1980). Initial geochronological investigations centred
on whole-rock Rb-Sr and Pb-Pb studies and yielded ages in the range 3.65 -
3.55 Ga. Rubidium-Sr isochrons mostly gave initial Sr ratios in the range
0.700 to 0.701 suggestive of a mantle (or Rb-depleted lower continental
crust) derivation. The first U-Th-Pb studies of zircons separated from
Amitsoq gneisses [from the Feeringhaven sub-terranel] (Baadsgaard, 1973)
yielded an upper Concordia intercept age of 3650 + 50 Ma (recalculated 10
3595 + 50 Ma in Baadsgaard (1976)). In a combined U-Pb bulk zircon, and
whole-rock Sm-Nd, Rb-Sr, and Pb-Pb study of the Amitsoq gneisses from
Isukasia, Baadsgaard et a/., (1986) were able to demonstrate the polygenetic
nature of the gneisses. They concluded that the most probable ages for the
grey, white, and pegmatitic gneisses of the area weré 3690 x 50 Ma, 3590
+ 40 Ma, and 3370 = 60 Ma, respectively; and that the white and
pegmatitic gneisses were likely derived by partial melting of grey gneiss-like
crust. Moorbath and Taylor (1986) reported a seven point whole-rock Sm-
Nd isochron date of 3740 = 84 Ma ("*3*Nd/'"*Nd,, = 0.50792 + 7, €y, =
+2.3 £ 1.2} for granulite and amphibolite facies samples from the
Godthabsfjord region {from the Faeringhaven sub-terrane).

Pb-Pb whole-rock and mineral analyses of the Isua banded iron
formation gave an age of 3710 = 70 Ma {Moorbath et a/., 1973). Bulk
analyses of zircons separated from both the Akilia and isua supracrustal
sequences gave upper Concordia intersection ages of 3587 = 38 Ma and
3813 +21-14 Ma, respectively (Baadsgaard et a/., 1984). The former date
was considered to record the granulite facies metamorphic event that
affected the area {the Feeringhaven sub-terrane) at ca. 3600 Ma, and to
have no bearing on the true age of the Akilia association (except to provide a
lower age limit).

The advent of the Sensitive High Resolution lon MicroProbe or
SHRIMP (Compston, et al., 1984}, coupled with the fact that Archaean
zircons generally contain significant quantities of radiogenic Pb because of
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their great age, has resulted in previously unattainable detailed U-Pb dating
of Archaean samples. Using the SHRIMP, notable geological discoveries
have been made le.g., Froude et a/., 1983, Compston et a/., 1985, Bowring
et al., 1989a,) and advances in our understanding of Archaean geology
resulted (this is particularly the case in southern West Greenland).

Using the ion-microprobe Kinny {1986) demonstrated that
components of a zircon population separated from an Amitsog gneiss from
outer Ameralik were at least 3820 Ma old, and that previous bulk zircon
analyses had been biased by younger, U-rich zircon zones that mantle the
old cores. Three analyses of some very low U and Th rims gave a date of
3632 + 24 Ma (20) which was considered to represent a minimum estimate
of the age of granulite facies metamorphic event. '

SHRIMP U-Pb zircon analyses of detrital zircons from the Isua
supracrustal sequence have yielded ages of 3811 + 18 Ma (Compston et
al., 1986) and 3808 + 4 Ma (20) for a layered felsic rock of the lsua
supracrustals (Nutman, 1920).

Nutman (1990) obtained a weighted ¥7Pb/?°°Pb age of 3877 £ 10
Ma for an Amitsoq gneiss sample from the Feeringhaven sub-terrane that
intrudes the type-Akilia association. This is the oldest measured age for a
rock from Greenland, and means that the Akilia association, at least at this
locality, must be = 3880 Ma, making it the world’s oldest known

supracrustal sequence, and at least 30 Ma older than the Isua supracrustals.

2.1.2.2 The lkkattoq Gneisses.

A significant portion of the Tre Bredre sub-terrane is made up of the
ca. 2820 Ma quartzo-feldspathic, amphibolite facies, lkkattog gneisses. The
group is predominantly granodioritic in composition; dioritic gneisses are of

minor importance, and tonalites are rare. As a consequence of being mainly
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granodioritic in composition the lkkattoq gneisses are characterized by a high
Rb/Sr ratio vs. the type-Nik gneisses, for example.

Whole-rock Rb-Sr, Pb-Pb, and Sm-Nd isotopic studies indicate that
many of these gneisses were derived in part from pre-existing Amitsog-like

crustal material {Baadsgaard, pers. comm., 1993).

2.1.2.3 The Nik Gneisses

The type-NGk gneisses comprise the metamorphosed equivalents of
apparently earlier, more basic phases (including diorites and hornblende
gabbros) which are intruded by younger tonalites, granodiorites, and
trondhjemites. Over the last decade a variety of workers have obtained
whole-rock isochron and U-Pb zircon ages for the Nﬂk gneisses (s.L} in the
range 3080-2750 Ma, together with initial ¥’Sr/®Sr ratios in the range
0.7015 - 0.7025 (e.g., Pankhurst and Moorbath (1976}, Taylor et a/.,
(1980, 1984}, Baadsgaard and McGregor, 1981). The low Sr initial ratios ied
Pankhurst and Moorbath (1976} to conclude that the magmatic precursors
of the NUk gneisses were not partial melts of the ¢. 3.7 Ga Amitsoq
gneisses. The values indicate that the parental materials of the gneisses
were derived from a source region with mantle-type Rb/Sr ratios not more
than 200-300 Ma before the measured isochron ages. Thus, the mantle, and
a Rb-depleted, low Rb/Sr lower crust, have been postulated as possible
source regions for the igneous precursors of the Ndk gneisses. Whole-rock
Pb-Pb analyses by Taylor et a/. (1980) led them to conclude that the NOk
gneisses in the Godthabsfjord region are contaminated with Pb of an
unradiogenic isotopic signature indicative of the older Amitsoqg gneisses.
Migration of Pb from lower in the crust (induced by granulite facies
metamorphism at depth) in fluids and/or direct assimilation of older Amitsoq
gneiss, for example, were postulated as possible mechanisms of
contamination. When one plots the Pb isotopic data it can be seen that there
is a geographical control on the contamination which decreases towards the
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northwest. Taylor et a/. (1980) also suggested that identification of the Pb
contaminant might be useful for the detection and delineation of old
continental crust. Samarium-Nd isotopic studies of the Nik gr;eisses should
readily identify the presence of an older crustal component if direct
assimilation has taken place. In addition, such data may provided a means t0
differentiate the possible modes of contamination.

Chemically the Nk gneisses of the study area show similarities with
more recent calc-alkaline (CA) suites. Differences include a somewhat
greater Na/K ratio, lower U content, and larger (and more variable} Th/U and
K/U ratios for the NOk gneisses in comparison with younger CA suites. The
chemica!l similarities between the NGk and Amitsoq gneisses of the region
(McGregor, 1979} may indicate a similar mechanism involved in the origin of
both complexes. The similarity rules out derivation of the Ndk gneisses by
partial melting of the Amftsog gneiss as this would require almost total
melting of the latter, and as such is most improbable.

Compton (1978} determined the REE concentration of NOk gneisses
(s.l.) from Bukesfjorden, to the southeast of Godthébsfjord. The variation in
the chondrite normalized REE patterns led him to conclude that the igneous
precursors of the NOk gneisses were not cogenetic, but were derived from
widely differing sources. To date, however, only four whole-rock REE
analyses have been published for the type-NiGk gneisses (previously
unpublished data of J.G. Arth, in McGregor et al., (1986)).

Prior to this study it was not known whether the type-N{k gneisses
belonged to a single, cogenetic suite, or whether they were intruded during
periods of unrelated activity, possibly separated by major intervals of time.
Baadsgaard and McGregor (1981) conciuded from their U-Th-Pb zircon study
of fifteen samples of type-N{k gneisses and Qéarusuk dykes {McGregor et a/.,
1983) from southern Bjgrnesen and the Nuuk townsite that the range of
apparent crystallization ages (3065-2890 Ma) likely resulted from varying
degrees of Pb loss rather than multiple intrusion. This is contrary to the
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conclusion drawn by Compton (1978) for Nik gneisses in Bukesfjorden. The
scatter of Rb-Sr data (Baadsgaard and McGregor, 1981) from samples taken
about Nuuk townsite may, however, be indicative of multiple intrusion.

Prior to the development of the terrane model for the region, mid-
Archaean supracrustal rocks throughout the Godthabsfjord area were
collectively called the ‘Malene supracrustals’. Subsequent work led a number
of workers to suggest that the term should be abolished except for the
supracrustal sequence of the Akia terrane (e.g., McGregor, et a/., 1991).
However, as shown later, there are at least two supracrustal sequences
within the Akia terrane with distinct ages. Therefore, if use of the term
‘Malene supracrustals’ is to be continued, it will have to be more rigorously
defined.
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CHAPTER 3

The type-Nilk gneisses
3.1 Introduction
The purpose of this chapter is to report the results of a detailed study of the
geochemistry, geochronology and isotopic geology of the type-N({k gneisses
from the Akia terrane. To this end sixty-nine type-NOk gneiss samples were
collected for geochemical and isotopic study. A number of the samples were
collected from areas mapped previously by McGregor (1973} as being
Amitsoq gneiss material (/.e., Akia terrane 'Amitsoq gneisses’ as mentioned
in Chapter 1}. On the basis of the terrane model the hypothesis was that
these supposed 'Amitsoq gneisses’ were in fact N0k gneisses. [t was
expected that chemical and isotopic analyses might resolve this issue.
Sample lccations for the various samples are given in Appendix 1.

The type-Ndk grey gneisses and associated amphibolites (formerly
known as part of the Malene supracrustal sequence) of the Akia terrane
exemplify the bimodal character typical of many high-grade Archaean
terranes (Barker and Peterman, 1974}. The gneisses are made up of rock-
types that range in composition from gabbros/diorites, through quartz-
diorites, tonalites and trondhjemites, to granodiorites and granites (s.s.),
with tonalites and trondhjemites making up the vast majority of the terrane
and samples studied.

On an outcrop scale, cross-cutting relations (where discernable) show
that the dioritic and quartz-dioritic gneisses are the oldest phases and the
granites the youngest. As explained under the isotopic section of this
chapter, the granites (s.s.) are considered to be the products of the partial
melting of pre-existing grey gneisses (i.e., = 2.9 Ga) and as such are
considered separately (Chapter 5) from the tonalitic, trondhjemitic, quartz-
dioritic, and dioritic gneisses.

The tonalitic and trondhjemitic gneisses are composed chiefly of

quartz, plagioclase feldspar (oligoclase), hornblende and biotite, with the
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trondhjemitic gneisses {by definition) containing less than 10 % mafic
minerals. The dioritic and quartz-dioritic gneisses contain significantly more
amphibole than the tonalitic gneisses.

Jahn et af., (1981) coined the term ‘tonalite-trondhjemite-granodiorite
suite (TTG)’ to describe the dominant rock-types making up typical high-
grade Archaean grey gneiss terranes. The type-Ndk gneisses are a fairly
typical TTG-suite.

The high-grade gneisses are associated with amphibolites which occur
both as massive sheets/sills, and as abundant lenses and "exploded’
xenoliths engulfed by the grey gneisses (Figure 3.1a). Presumably the
precursors of the amphibolites were quite "wet’ when the igneous precursors
of the grey gneisses were intruded. The rapid expansion of water
fragmented the xenoliths, permitting the magma to be injected further along
fractures accentuating the effect. The various stages of the break-up and
rassimilation’ of these amphibolite xenoliths by intense ductile deformation
can be traced in the field (Figure 3.1b). An awareness and understanding of
the possible isotopic and geochemical effects of this process is important
when studying the grey gneisses. In very rare areas of low strain primary
volcanic structures, such as pillow lavas, are preserved {i.e., S.E. Bjarnesen).

As recorded by McGregor {1973, 1979} most of the type-NGk
gneisses are heterogeneous in outcrop. He described three types inciuding:
polyphase gneisses, pegmatite-layered gneisses, and streaky gneisses.
Exceptions to the generally heterogeneous nature of the type-NGk gneisses
are the occasional, apparently late, large granodioritic gneissose bodies {e.g.,
east coast of Bjerneesen).

Field relationships suggest that many of the type-NGk gneiss
precursors were deformed during emplacement. Generally, however, the
original structures have since been intensely deformed by severe ductile
deformation: intrusive relations being rotated and largely obliterated. There

are, however, some instances where cross-cutting relations are clear.
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Figure 3.1 a). Amphibolite "exploded’ by effects of the intrusion of the
protolith of the type-N{k gneiss. b). ‘Assimilation” of amphibolite fragments
by intense ductile deformation (pen knife = 9 cm).
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3.2 Geochemical and Isotopic Results

The following sections report the basis of rock-type classification
employed for the various type-Ndk gneisses, the results of major and trace
element analyses of the gneisses, zircon U-Pb analyses for the gneisses, and

the results of whole-rock Rb-Sr, Pb-Pb and Sm-Nd isotopic analyses.

3.2.1 Classification

Grey gneisses of high-grade metamorphic terranes are now commonly
described using their inferred pre-metamorphic igneous character as deduced
from their major element chemistry, e.g., trondhjemitic gneiss, tonalitic
gneiss, etc. This approach became popular as evidence accumulated
suggesting that the great majority of these rocks were orthogneisses. Prior
to this, such gneisses were typically described by a characteristic mineral
e.g., hornblende gneiss, pyroxene gneiss, microcline gneiss, etc. In
describing the grey gneisses of this study, the practice of using their igneous
character as a descriptor is employed. In an attempt to determine this
igneous character a variety of igneous rock-type classification schemes were
examined. Only those schemes utilized by previous workers to study grey
gneisses were considered.

Mineral point counting and classification on the basis of the modal
quartz-alkali feldspar-plagioclase feldspar content was not employed because
of the difficulty of determining reliable mineral estimates due to mineral
heterogengity. This heterogeneity is the result of the extreme deformation
and recrystallization suffered by the gneisses.

The majority of samples were named using a combination of
classification schemes including: a) the normative feldspar granitoid
classification scheme of O'Connor {1965) [with modifications by Barker
(1979)], b) major element data together with Barker’s chemical definition of
trondhjemite (Barker, 1979) [to aid in differentiating tonalites from

trondhjemites], and ¢} the QAP classification (Streckeisen, 1973} using an
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estimation of the modal mineral content based on major-oxide chemical data
(Kalsbeek and Petersen, 1974).

Strictly speaking O’Connor’s (1965) classification scheme is
applicable only to rocks containing = 10% quartz (either normative or
modal). O’Connor {1965) stated unequivocally that:

"|f the chemical analysis does not contain sufficient

silica to produce the feldspars and 10 percent quartz,

the rock will not fit into the classification proposed

here.” (O’'Connor, 1965, p.B83).

Consequently, the scheme has not been applied to the quartz-poor rocks of
this study. For example, the dioritic gneisses contain < 10% normative
quartz as determined by CIPW norm calculation (see Appendix b).

As noted in Appendix 1 only total iron (reported as FeO"} was
determined for the majority of samples studied. However, the FeO/Fe,0;
ratio does not affect the normative feldspar percentages (and hence the
applicability of the classification scheme). The feldspars are determined prior
to the ferromagnesian minerals (where the ferrous:ferric ratio plays an
essential role). The normative quartz content of a CIPW norm is calculated
from the residual Si0O, content after the percentages of ali other minerals
have been determined. Consequently, the normative quartz content will vary
with the ferrous:ferric ratio. For rocks of tonalitic-trondhjemitic-granodioritic
composition this is of little concern in the case of the normative feldspar
classification scheme because a cursory visual examination of a hand
specimen shows that these rock-types contain =10 % modal guartz. For
borderline cases this is not always readily apparent, and the need for
reasonably accurate ferrous:ferric ratios becomes important. Consequently,
an empirical relationship between Fe,0; and FeO for type-Nik gneisses was
determined from the literature {(McGregor et al., 1986} and applied to the
type-Nak gneisses of this study. In addition, FeO was determined in a

number samples by titration. The agreement between the empirical
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ferric:ferrous ratios (Fe,0, = 0.25 * FeO) and those calculated from the
titration measurements was fairly good and considered satisfacfory for the
purposes intended. Using this approach, CIPW norms were calculated for
each sample (reported in Appendix 5). The normative quartz content
calculated in this manner was used to divide the samples into quartz-rich (=
10 % quartz) and quartz-poor {< 10% quartz} categories giving greater
confidence in the choice of samples which may be classified using
Q'Connor’s scheme.

Using the normative feldspar classification scheme the majority of the
Niak gneisses plot in either the tonalite or trondhjemite field (Figure 3.2). Of
note is the total absence of samples falling in the granodiorite field!
Numerous workers studying other Archaean grey gneiss terranes have also
reported a rarity of gneisses of granodioritic composition (e.g., Glikson,
1979; Tarney et al., 1979; Jahn et al., 1981; Nutman and Bridgwater,
1986). This is in keeping with the generally more sodic nature of granitoids
in the early- to mid-Archaean vs the late Archaean (and thereafter).
However, McGregor (1979) reported that granodioritic gneisses form some
of the largest continuous bodies of Nk gneiss. Consequently, the possibility
that the absence of granodioritic gneisses {as implied by the O’Connor
classification scheme) was an artifact, or bias, of sampling was considered.
Because samples were not collected on the basis of apparent rock-type
{(which is often ambiguous because of the severe deformation that has taken
place) this was considered unlikely. Given that a number of the samples
have K,O contents in the 2 to 3 wt% range it was decided that a number of
samples identified as "trondhjemites’ using the normative feldspar
classification scheme were in fact granodioritic in composition. Caution
should therefore be exercised when utilizing this scheme, particularly when
classifying gneisses of granodioritic composition. Potential misidentification
can minimized by interpreting the normative feldspar triangular diagram in

conjunction with major element rock data (particularly the K,0 content).
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A Tonalite

B: Granodiorite
C: Adamelite
D: Trondhiemite
E: Granite

Abbite Orthoclase

Figure 3.2 Normative feldspar granitoid classification of the Ndk Gneisses
(containing = 10 % normative quartz, after O’Connor, 1965). The dotted
line represents a modification Barker (1879). {for symbols see Table 3.1)
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In addition to the normative feldspar classification scheme the QAP
classification scheme (Streckeisen, 1973), employing an estimation of the
mode calculated predominantly from major element chemical data, was also
investigated. The approach was specifically developed to be applied to grey
gneisses of Greenland {Kalsbeek and Petersen, 1974). In addition to the
major elemental data (usually determined by XRF} some basic petrological
information is required for each sample, i.e., the An content of the
plagioclase feldspar, the presence or absence of K-feldspar, hornblende, and
biotite, for example. Petersen {1277) described and listed a programme
written in FORTRAN to perform the mode calculation. This author
transcribed the code to run in a PC environment (using Microsoft®
QuickBasic) and added a number of routines, one of which takes the
calculated quartz-alkali feldspar-plagioclase feldspar content and classifies
the rock according to Streckeisen {1973). As the majority of
igneous rock-type classification schemes are incapable of distinguishing
tonalites from trondhjemites {including the QAP scheme), this author wrote
another subroutine to differentiate these sodic granitoids using the
calculated modal ferromagnesium mineral content.

On the basis of the above mentioned classification schemes, almost
all the gneisses studied were identified as being either dioritic, quartz-dioritic,
tonalitic, trondhjemitic, granodioritic, or granitic in nature. Individual rock-
type names are reported in Appendix 1, together with the sample location
map coordinates. As expected, some samples fall close to the borderiine or
boundary of two rock-types. In these cases the author attempted to make an
objective decision as to which term to use (bearing in mind that such
divisions, although not arbitrary, have their limitations).

Finally, to assess the reliability of the descriptive terms given on the
basis of the above mentioned schemes the names were compared with the
igneous rock classification scheme of Debon and Le Fort {1982). Sample
data, plotted by assigned rock-type, are displayed in Figure 3.3. The
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Figure 3.3. Classification of the type-NUk gneisses according to DeBon and
LeFort, (1982) (symbols as in Table 3.1).
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agreement between the two approaches is in general very good. All of the
tonalitic and trondhjemitic gneisses plot within the tonalite field. With one
exception all the gneisses designated as quartz-dioritic plot in that field.
Some of the gneisses identified as granodioritic in composition plot within
the tonalite field, but lie close to the boundary separating the tonalite-
granodiorite fields, and form a group discrete from the tonalites and
trondhjemites. The dioritic gneisses are confined to the gabbro field, and the
two samples identified as granitic gneisses plot in the granite and adamellite
fields.

Given the general agreement between the two approaches the
descriptive names given on the basis of the previously described schemes

was considered reliable and is utilized here on.

3.2.2 Geochemistry
3.2.2.1 Major Element Chemistry.

Maijor element data for the samples studied, as determined by XRF,
are listed in Appendix 4. Silica variation diagrams (i.e., Harker diagrams} of
all the samples, identified by rock-type, are displayed in Figures 3.4 to 3.6.
A key for the rock-type symbols utilized are given in Table 3.1 and are as
follows: dioritic gneisses - filled circles; quartz-dioritic gneisses - filled
diamonds: tonalitic gneisses - open circles; trondhjemitic gneisses - open
triangles, granodioritic gneisses - open boxes. Two ’granitic’ samples are
identified by asterisks. Unusual samples have their own symbols and are
identified when discussed.

The silica content of the amphibolite-facies grey gneisses from the
Akia terrane ranges from 51 to 78 wt % (/.e., dioritic to granitic in
composition); excluding the granitic and other late sheets reduces the upper
Si0, limit of the range to a little below 75%. This span is essentially
identical to that reported by McGregor (1979) /.e., 49 to 76 wt % SiO,

[n=37]. He noted that intermediate Nuk gneisses, with silica contents
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Table 3.1. Key of symbols used to identify the various type-N({k gneisses in
geochemical plots.

Gneiss-Type Symbol
dioritic gneiss [
quartz-dioritic gneiss ¢
tonalitic gneiss 0
trondhjemitic gneiss A
granodioritic gneiss u|

between 56 and 63 wt %, were apparently absent. The additional type-Nuk
gneiss analyses of this study confirm the presence of such a gap (Figures
3.4 to 3.6) albeit slightly narrower {55 to 60 % SiO,} than originally
described. This compositional break corresponds to the Daly Gap, and its
presence argues against an origin for the tonalites and trondhjemites by
fractional crystallization of dioritic magmas.

The TiO, content of the gneisses decreases in a fairly monotonous
fashion from about 1.1 wt% in the dioritic gneisses to about 0.1 wt% in
those of granodioritic and granitic composition. Tarney (1976) used TiO, vs
Si0, to discriminate ortho- and paragneisses of the Lewisian of
N.W.Scotland. The boundary between the two types is marked on Figure
3.6a and it can be seen that all of the type-NOk gneisses plot in the igneous
field.

Alumina varies from 14 to 20 wt % with almost all the samples
having greater than 15 wt % Al,O, (Figure 3.4a). The tonalitic gneisses have
fairly constant Al,O; values, while the trondhjemitic and granodioritic
gneisses show a steady decrease with increasing Si0,. This may be
indicative of plagioclase or hornblende fractional crystallization. The
trondhjemites are of the high-Al,Q, type (following Barker’s division of
trondhjemites into high- and low-Al,Q, types, Barker, 1979).
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Total iron (as FeQ") displays a steady decline with increasing Si0, (Figure
3.4b). The quartz diorites show a wide range (c. 3.5 - ¢.7.5%] in total iron
for a narrow silica range (c. 2.5 wt%). These samples also show a wide
scatter in MgO content.

With the exception of sampie G87-59, the MgO content of the type-
Nk gneisses mimics that of total iron, decreasing from slightly over 5 wt%
to almost O wt% for the 51 to 75 wt % silica change (Figure 3.4c).

Again, except for G87-114 and G87-115, the Ca0 content of the
gneisses decreases systematically with increasing Si0, content (Figure
3.5a). The two granite sheets plot well above the trend for their particular
Si0, content.

The N(k gneiss TTG suite shows the early- to mid-Archaean
characteristic enrichment in Na,O (Glikson, 1979). Without exception
analyzed dioritic, tonalitic, and trondhjemitic gneisses contain > 4 wt%
Na,O (Figure 3.5b). As McGregor (1979) also noted, the Na,0O data show a
great deal of scatter.

The K,0 vs SiO, diagram (Figure 3.5¢) displays two trends; one is a
slight, but steady increase in K,C with increasing silica content (from dioritic
to trondhjemitic compositions) and the second a significant increase in K,O
with SiO, content for the granodioritic and granitic gneisses. Sample G87-59
plots by itself not following either of the two trends described. For its SiO,
content it is strongly elevated in potash. Similarly, the two late
"trondhjemitic’ sheets, G87-114 and G87-115, do not follow either of the
above trends, and display very low K,O values for their high silica contents.

Engel et a/., {(1974) reported that the majority of rocks from Archaean
terranes had K,0/Na,0 ratios < 1, and often < 0.7. Samples from this
study show even smaller values. The dioritic, quartz-dioritic, tonalitic, and
trondhjemitic gneisses all have K,0/Na,0 ratios < 0.5, with values as low

as 0.17! Even the granodioritic gneisses have values < 0.7 (see Table 3.2).
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Except for the extreme elevation of MnO in G87-143 (a mylonite), the
trends for the minor oxides MnO and P,0 are not unusual, displaying a
negative correlation with increasing Si0, (Figures 3.6b and c).

Examination of Figures 3.4 - 3.6 shows that there are a few samples
that invariably lie off the main oxide variation trends. In particular, sample
G87-59 (represented by a cross}, G87-143 (represented by an inverted,
open triangle), and samples G87-114 and -115 (represented by half-filled
boxes} appear anomalous compared to the other samples and as such need
some explanation.

Sample G87-59 has an unusual composition. Compared to other
samples of similar Si0, content, G87-59 contains approximately two-thirds
the Al,Q,, less than half the Na,0, double the K,0, and triple the MgO
content. The sample also appears to be elevated in CaO and MnO. The
excessive MgO causes the sample to plot far off the calc-alkaline trend on
an AFM diagram (Figure 3.7).

Sample G87-143, a mylonite from the lvinnguit fault which is
interpreted as part of the boundary of the Akia and Akulleq terranes, also
plots off many of the main oxide trends. This is especially apparent in the
plots of Si0, vs. FeQ’, Mg0, Al,0,, and MnO (Figures 3.4 and 3.6b).

From stable isotope studies mylonite zones are known to act as
conduits for fluids, and consequently can be enriched and/or depleted in a
variety of elements. In an attempt to ascertain the original nature of the
mylonite, a TiO, vs. MgO piot of all the type-N{k gneisses was generated
{(with the exception of G87-59) and is shown in Figure 3.8. These two
elements were chosen because of their generally immobile character, at least
to amphibolite facies conditions (Garde et a/., 1986; Nutman and
Bridgwater, 1986). From Figure 3.8 a fairly linear trend of increasing TiO,
with increasing MgO is apparent. This trend flattens somewhat above ¢. 2.5
wt % MgO.
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Figure 3.7 AFM diagram of the type-NGOk gneisses (after Irvine and
Baragar, 1971).
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Of particular note are the well defined fields for the dioritic, quartz
dioritic, and tonalitic gneisses. It can be seen that sample G87-143 falls well
within the tonalitic gneiss field. This suggests that prior to mylonitization the
mylonite precursors at this location were possibly tonalitic in composition. If
this was the case, then on the basis of the TiO,, MgO, and FeO" Harker
diagrams the mylonite has gained ¢. 4 to 5 % SiO,. Furthermore, on the
basis of other Harker diagrams it can be concluded that G87-143 has
experienced a loss of ¢. 2 wt % Al,0,, ¢. 1.5 wt% Ca0, and c. 0.5 wt %
Na,O, apparently little or no net gain or loss in K,0 or P,Os, and a doubling
of the MnO content. Except for the MnO variation, the major element
changes would be consistent with the formation of a more sodic plagiociase
at the expense of more calcic plagioclase feldspar. On the basis of field
relations it is possible that sample G87-143 represents mylonitized Amitsog
gneiss material and is not derived from type-NGk gneiss material. This is
further discussed under the 'Trace Element Chemistry’ section.

The trondhjemitic sheets, G87-114 and -115, are unlike other
analyzed trondhjemitic gneisses from the Akia terrane in that they are
significantly depleted in K,0, have reduced Na,O contents, and are enriched
in Ca0. Again a mineralogical control is indicated. The Ca0O composition of
the trondhjemitic sheets is explained by the presence of a more calcic
plagioclase feldspar than occurs in the other trondhjemites.

Finally, sample G87-152, ostensibly a dioritic gneiss, has a low K
content in comparison to the other dioritic gneisses. The whole-rock
composition of this sample is very similar to the average of 39 granulite-
grade, pyroxene gneisses from the Lewisian of the Drumbeg area of Assynt,
N.W. Scotland {Sheraton et a/., 1973). Under the 'Trace element chemistry’
section of this chapter further evidence is presented that suggests that
sample G87-152 may have experienced granulite grade metamorphism. The
sample was collected from the northwestern tip of Sadelg fairly close to the

granulites of Nordlandet.
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On an AFM diagram (lrvine and Baragar, 1971) the type-NUk gneisses
fali in the calc-alkatine field (Figure 3.7) and display a trondhjemitic trend
(Arth et a/., 1978). Compared to modern calc-alkaline trends, the type-Ndk
gneisses show extreme enrichment in Na,O. Compositional variation of the
type-NOk gneisses, together with trends for recognized calc-alkaline (e.g.,
Southern California Batholith) and trendhjemitic suites {Arth, et a/., 1978}
are plotted on a Na-K-Ca ternary diagram in Figure 3.9. With their late
enrichment in K,O, the type-NOk gneisses more closely resemble a calc-
alkaline trend vs. the gabbro-trondhjemite trend from SW Finland (Arth et a/.,
1978).

Qorqut
granite

o
Na Ca

Figure 3.9 Na-K-Ca ternary diagram for the type-Nik gneisses.
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The major difference between the modern calc-alkaline trend and that
displayed by the type-NOk gneisses is the shift of the gneiss data towards
the Na apex of the ternary diagram brought about by the higher Na/K ratios
of most Archaean granitoids. The pattern displayed by the type-Ndk
gneisses is very similar to that shown by the early Archaean Uivak
gneisses of Labrador (Collerson and Bridgwater, 1979} and the Amitsoq
banded grey gneisses {Nutman et a/., 1984).

The meta-igneous nature of the type-Nuk gneisses is indicated using
Shand’s Index (Figure 3.10).

Maraar & Piceoli 1983 {fig 2)

L T T T T T T T T T

Metalurninous Peraluminous |
.
- *
Q
= 2
. 85
él 3 * . @?JOOCS’E 1
5 o 5%
g I~ ‘; P N
8 x “
g -
=0 @
L * o
1
1, 1 1 i 1 1 1 1 1 1 ] i 1
S 2

AR203M(Ca0 + Na20 + K20)

Figure 3.10 Shand’s Index for the type-NGk gneisses
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All of the type-Ntk gneisses of dioritic and quartz-dioritic composition are
metaluminous in character (hence diopside normative), while all the
granodioritic gneisses are weakly peraluminous in nature (hence corundum
normative). The tonalitic gneisses are divided aimost equally between the
two divisions; and approximately 90% of the trondhjemitic gneisses are
weakly peraluminous with the few metaluminous samples falling close to the
boundary of the two groups. The particular trend displayed by the type-NUk
gneiss, from metaluminous to peraluminous rocks, is indicative of
hornblende fractionation {Zen, 1986). The fairly constant A/CNK ratio
thereafter suggests that plagioclase may be the dominant fractionating

phase.

Summary of Major Element Data

A summary of the mean, standard deviation, and range for each of the
major and minor oxides of the type-Ndk gneisses are given in Table 3.2 by
rock-type. The salient major and minor oxide variations vs. silica (by rock-
type) are represented graphically in Figure 3.11. The major element Harker
variation diagrams generally display the expected elementai trends
associated with igneous differentiation-fractionation processes, however, the
data show a fair degree of scatter. This scatter would be expected if the
igneous precursors of the type-NOk gneisses were not cogenetic, but were
derived from widely differing source materials, for example. Alternatively,
the scatter could have been caused by metamorphic differentiation (e.g.,
Olsen, 1983) produced during the formation of the intensely deformed
gr.eisses {Myers, 1978), or a combination of the two effects.

The presence of the ‘Daly gap’ argues against an origin of the tonalitic
and trondhjemitic gneiss protoliths by fractional crystallization of dioritic
melts.

The variation in the alumina saturation index (A/CNK} and A/NK

suggests that hornblende fractionation played an important role in the
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evolution of the less silica-rich samples, while plagioclase would appear to
have exerted a more significant control in the trondhjemitic and granodioritic

gneiss protoliths.

3.2.2.2 Trace Element Chemistry

Trace element data for the samples studied, as determined by X-ray
fluorescence {XRF), instrumental neutron activation analysis {INAA}, and
mass spectrometry isotope dilution {(MSID) are listed in Appendix 4.
Variation diagrams of selected trace elements vs. silica are displayed in
Figures 3.12 to 3.16.

The transitional metals, especially Zn, V, Co and Sc, show good
negative correlations with increasing silica content as expected of the
compatible elements. The Ni and Cr data show more scatter than do Zn, V,
Co and Sc. However, the negative inverse relationship with silica is still
readily apparent. The rather uniform minimum concentration of Ni {ca. 8
ppm) determined for many of the samples in the 65 - 78% silica range is
believed to be due to Ni impurities in the Rh X-ray tube used for excitation in
the XRF analyses (see Appendix 2).

There is generally a large degree of scatter in the silica vs. large ion
lithophile (LILE) data (e.g., Rb, Ba, Sr, Cs, U, Th, and REE) and the high field
strength elements (HFSE) {e.g., Zr, Hf, Ta and Nb). Plotting the trace
element data against MgO or TiO, as opposed to Si0, makes no obvious
difference to the scatter on the LILE plots. One might expect that the HFSE
would show less scatter and an improvement in correlation when plotted
against TiO,, another HFSE that is considered relatively immobile. However,
any improvement in correlation is insignificant. This lack of correlation
argues against a possible cogenetic origin for the type-NGk gneisses.

Even within a particular gneissic composition-type the scatter of many
trace elements is often significant, for example: the Cr content of the quartz-

dioritic gneisses, the Th content of the gneisses of tonalitic and
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trondhjemitic composition, the Y content of the quartz-dioritic and tonalitic
gneisses, and the Ba and Sr content of each compositional group. This again
suggests that in many instances even gneisses of similar major element
composition are not likely cogenetic.

As with the major oxides, sample G87-143 displays anomalous
concentrations of many trace elements in comparison to other NGk gneisses.
In comparison to equivalent type-N{k gneisses it contains about double the
concentration of the HFS elements Zr, Hf, Nb and Ta; has an extremely
elevated Y level (53 ppm) and a high Th {9.3 ppm) concentration. Given: a)
the renowned immobile nature of the HFSE, b) the field relations of the
sample location, and c) the fact that the augen-gneiss sub-unit of the
Amitsoq gneisses have very high levels of Zr {and presumably Hf also) Nb,
and Y (Lambert and Holland, {1976); McGregor, 1979), it is considered likely
that sample G87-143 is in fact 2 mylonitized Amitsoq gneiss. However, not
all the major element features of G87-143 are similar to the augen gheiss
group. A number of the LIL elements e.g., U, Th, Cs, Pb and Rb, are also
elevated in G87-143.

Under the major element geochemistry section it was noted that
sample G87-152 has a low K content. In addition, the sample displays low
Rb, Th, U, and Cs values in comparison to the other dioritic gneisses. The
resultant high K/Rb (1120}, K/U (15460), and K/Th (14460} ratios are
considered hallmarks of depleted granulites (see Rudnick et a/., 1985;
Rudnick and Presper, 1990; and Chapter 4). These ratios are significantly
greater than those found in any of the other type-NOk gneisses, or the
average upper continental crust (Taylor and McLennan, 1985). The low
Rb/Sr ratio (0.015) of G87-152 even falls below that proposed for the
average lower continental crust {0.023). Considering also the major element
data, it appears most likely that this rock may have undergone depletion of

the LILE during a granulite-facies metamorphic event.
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The type-Nik gneisses contain very low leveis of uranium. In all cases
U < 3.3 ppm. With the exception of two samples (one being the mylonite
sample (G87-143) and the other G87-142 which came from < 20m
distance from G87-143) no sample contains more than 2 ppm U, and slightly
over 90% of the samples contain < 1 ppm U. Thorium varies between c.
0.1 and 8.9 ppm. A wide range of Th/U ratios are found (Figure 3.17)
varying between about 0.25 and 33. From Figure 3.18 it can be seen that
the majority of the samples deviate significantly from the average crustal
Th/U ratio of ¢. 3.8 (Taylor and McLennan, 1985).

K/U ratios for the gneisses vary from ¢. 4500 to 30,000 with a mean
value of approximately 23,000 that is over twice the generally accepted
crustal value of 10,000. K/Th ratios show a similar range to K/U ratios, /.e.,
4500 to 30,000, with a mean value of about 5000 which is significantly
greater than either the upper or lower crust estimates (ca. 2600, Taylor and
McLennan, 1985). To ascertain whether the gneisses have experienced loss
or gain of K, Th, and/or U (or a combination thereof) sample data have been
plotted on a Th/U vs La/Th diagram (after Rudnick et a/., 1985) in Figure
3.18. Because most of the gneisses contain < 2 ppm U, the fact that a
number of samples plot to the right of the typical field for igneous rocks and
have Th/U ratios < 3, suggests that for these sampies Th loss has occurred.
This would also resuit in elevated K/Th ratios. Those samples that plot above
the igneous field have undergone an increase in Th/U ratio as a result of
either a loss in U and/or gain in Th. The fact that the samples are not shifted
to significantly lower La/Th ratios suggests that Th gain has not been
significant and that U loss is largely responsible for the elevated Th/U ratios
{as supported by the elevated Th/U ratios}. The above assumes that the
gneiss protoliths had Th/U ratios typical of igneous rocks. As all the samples
have elevated K/Th ratios (over typical crustal values), it would seem likely
that those samples with Th/U ratios greater than 3.8 must also have

undergone an increase in K. The lower than average U, Th, and K values for
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the type-Nik gneisses results in a heat production that is about a quarter of
that for average upper continental crust at present {Table 3.3).

Ahrens {(1954) noted that in most instances the major, minor, and in
particular trace elements of samples taken from the same population display
a log-normal distribution. Consequently, log transformation of the U, Th, and
K data was performed and the median value for each element calculated for
comparison with the arithmetic mean of each element. The results of this
exercise are listed in Table 3.3.

As expected the K,0, Th, and U median values are less than the
corresponding arithmetic means for the individual elements. This is a
consequence of the data being positively skewed. That the type-NGk
gneisses are depleted in the heat producing elements in comparison to
average upper crustal values is readily apparent. This is a fairly ubiquitous
feature of Archaean grey gneisses of the North Atlantic Craton (Bowes,
1972). It is interesting that the median Th/U ratio agrees so well with the
average crustal Th/U ratio. Elevated K/Th and K/U ratios are characteristic of
many granulite-facies rocks. However, if the type-NOk gneisses had under-
gone granulite-facies metamorphism one would also expect the gneisses to
display elevated K/Rb ratios. The average K/Rb ratio for the type-Ndk
gneisses is 294 (range: 117 - 619) vs the average upper crustal value of
ca. 250 (Figure 3.19). Although slightly elevated, this mean value does not
suggest that the gneisses underwent granulite-facies metamorphism.
However, on a K vs Rb plot the data more closely resemble the Archaean
granulite-trend (Jahn and Zhang, 1984) vs the 'main trend’ (Shaw, 1968).

The gneisses have a mean Rb/Sr ratio of 0.127 (range: 0.025 to 0.82,
excluding G87-152 [0.0151) vs. 0.32 for the upper crustal and 0.023 for
lower crust. This ratio suggests some depletion in Rb compared to average
continental crust. The values for the tonalitic, trondhjemitic and granodioritic
type-Nik gneisses fall within the typical range for rocks of these comp-

ositions (Pa2terman, 1879).
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Table 3.3. Comparison of the mean and median values of the major heat
producing elements of the type-Ndk gneisses with average crustal values.

Arithmetic Average Average
mean Miedian upper crust lower crust

K,0 (%) 1.65 1.54 3.37 0.34
Th {ppm} 2.78 1.82 10.7 1.06
U (ppm) 0.59 0.48 2.8 0.28
Th/U 4.7 3.8 3.8 3.8
K/Th 4930 7020 2620 2640
K/U 23200 26600 10000 10000
W m?®  0.49 0.38 1.80 0.19

{average upper and lower crustal values from Taylor and Mcl.ennan, 1985;

heat production present day assuming rock p = 2.8 gcm?).

Compared to the lkkattoq gneisses, the type-NQOk gneisses generally have
much smaller Rb/Sr, largely reflecting the dominance of gneisses of
granodioritic composition in the former, and tonalitic and trondhjemitic in the
latter.

The gneisses have a mean Ba/Rb ratio of 13.2 (range: 2.9 to 40.2} vs.
4.9 of average upper continental crust, and 28.3 for the lower crust, again
slightly elevated over average continental crust, but not as depleted as
postulated average lower continental crust.

The mean Zr/Hf ratio ca. 36 is close to the crustal mean of ¢. 33
(Taylor and McLennan, 1985).

The dioritic, quartz dioritic, and most of the tonalitic gneisses show an
increase in Nb with increasing silica while the trondhjemitic and granodioritic
gneisses are depleted. Normalized ‘spidergrams’ {Appendix 6) demonstrate

that compared to primitive mantle or MORB the type-NUk gneisses show
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depletions in Nb, Ta, and Ti. This raises questions as to the role phases such
as rutile, ilmenite, etc. play as sinks for many of the HF3E during partial
melting for example {Tatsumi et al., 1986; Ryerson and Watson, 1987).

Rare Earth Elements.

A distinctive geochemical feature of many Archaean granitoid
gneisses is their depletion in the heavy rare earth elements (HREE) compared
to post-Archaean granitoids (e.g., Glikson, 1979; Jahn et al., 1981; Pride
and Muecke, 1980, etc.}. Coupled with this depletion is the significant
increase in the (La,/Yby) ratio of Archaean gneisses. That is the chondrite
normalized ratio of La to Yb. Following Jahn et a/., 1981, Martin (1986)
using a large data set (over 600 samples), showed that when plotted in
(La,/Yby) vs Yby space, Archaean and post-Archaean granitoids formed two
fields with only minor overlap. it was concluded that the elevated (L.a,/Yby)
ratio and low Yb content of the Archaean granitoids indicated that garnet
and/or hornblende played a major role in the genesis of these Archaean rocks
(as previously suggested by O’Nions and Pankhurst, 1978, for example).

The (La,/Yby) vs Yb, data for the type-NOk gneisses (by rock-type) are
plotted in Figure 3.20 together with the fields for Archaean and post-
Archaean granitoids. It can be seen that TTG NGk gneisses are typical
Archaean grey gneisses in this regard. A large number of the gneisses have
{La,/Yb,) ratios > 20, reaching over 100 for some of the trondhjemitic
gneisses. It is important to note that this diagram does not give a fuil picture
of the HREE depletion/ LREE fractionation of many of the gneisses. A
number of samples (predominantly tonalitic and granodioritic in composition)
are not plotted on the diagram because the Yb concentration of these
samples was below the detection limit of the INAA scheme. This implies
that the concentration of Yb is low and the {La,/Yby} ratio correspondingly

high. The dioritic gneisses do not show the extreme REE fractionation
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displayed by the granodioritic, trondhjemitic and some of the tonalitic
gneisses, whilethose of quartz-diorite composition largely overlap the
tonalites. The implied HREE depletion with increasing silica content is
supported by the inverse relationship shown by Y with increasing Si0,
{Figure 3.14c¢). Using Y as an indicator of the HREE additional plots of Y vs
TiO,, MnO, and CaO0 for the quartz-dioritic, tonalitic, trondhjemitic and
granodioritic gneisses (Figure 3.21) show a positive correlation, but with
non-zero intercepts (¢. 0.1% for TiO, and c. 2 % for Ca0). According to
Tarney et al., {1979) the Y - Ti relationship suggests that two mineral
phases, possibly garnet, and iimenite {or rutile}, removed Y (and the HREE)
and Ti, respectively during fractionation of the protolith magmas (or were
residual phases during partial melting of a basaltic source). Alternatively,
fractionation of hornblende could be responsible for the observed pattern
especially given the strong corr-elation between Y and MnO {exciuding the
dioritic gneisses and G87-59). The negative relationship displayed by Y with
Si0, also suggests that hornblende dominated the fractionation process
(Frey et al., 1978). Essentially identical patterns are observed with Yb in
place of Y,

Some of the tonalites show extremely elevated (Lay/Yby) ratios, while
others display fairly low values (Figure 3.20). This indicates that there is a
play between the influence of potential residual mineral phases, such as
garnet and hornblende, on the REE composition of initial melts generated by
the partial melting of basic crust, and those minerals that are involved in the
melt fractionation process {e.g. hornblende).

All the granodioritic and most of the trondhjemitic gneisses show
positive Sr and Eu anomalies on spidergrams or chondrite normalized REE
piots {Appendix 6), while the tonalites generally have no Sr anomaly, and a
negative Eu anomaly. This suggests that plagioclase may have played an
important role in the genesis of the tonalites, either by crystallizing out,

leaving a tonalitic magma, or by not melting significantly during partial
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melting of a mafic source. The higher Sr and Eu?* in the granodiorites and
trondhjemites (and lower ferromagnesian minerals/elements) implies that
either hornblende (without plagioclase) fractionated out leaving a melt
enriched in Sr and Eu?* and/or hornblende was not significantly involved in

the partial melting of possible mafic precursors.

3.2.3 Geochronology and Isotope Geology
3.2.3.1 Zircon geochronology

In an attempt to answer the question of whether the type-NOk
gneisses were part of a single, protracted period of magmatic activity or the
product of episodic magmatism, zircons were separated from a number of
samples and analyzed by U-Pb ‘small sample’ techniques and/or by the high
resolution ion microprobe using the SHRIMP at the Australian National

University in Canberra, Australia.

lon microprobe analyses.

Both unpicked, non-magmatic, sized fractions and picked zircons from
various non-magnetic size fractions were mounted in epoxy, polished and
analyzed using the ion microprobe. For details of the method and typical
operating conditions see Compston et a/., (1984). Williams and Claesson
(1987) describe refinements to the calibration and data processing

procedures.
Results

U-Pb ion microprobe results for the concordant analyses are listed in
Table 3.4 and shown graphically in Figures 3.22 to 3.25.
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As can be seen zircons separated from the tonalitic gneisses G87-85 and
G87-17, gave essentially concordant dates of 3021 + 6 Ma (2¢) and 2998
+ 12 Ma (20), respectively. These samples were picked prior to mounting
and analysis. These dates are taken to represent the intrusive ages of the
igneous protoliths of the gneisses. The greater size of the error polygons in
G87-17 compared to G87-85, are in large part a consequence of the low U
content of the selected zircons, which tend to give the most concordant
results because of the reduced metamictization.

Figure 3.24 shows the ion probe results of a selection of zircons
separated from the granodioritic and trondhjemitic samples G87-80 and
G87-89a. These zircons were from bulk, non-magnetic, sized fractions that
had not been picked. The lack of concordancy is readily apparent. The data
points for G87-80 scatter about a line that intersects the Concordia at
approximately 3000 Ma. A few zircon analyses from sample G87-89a
(collected from an area mapped by McGregor as Amitsoq gneiss) are
discordant with minimum 2°’Pb-2°°Pb dates of between c. 2970 and 3040
Ma. A number of other zircons, also discordant, give minimum #7Pb-2°Pb
ages of ¢. 3250 Ma. Given the exceedingly radiogenic whole-rock Pb
isotopic composition of G87-89a (compared to the renowned unradiogenic
whole-rock Amitsoq Pb) it is considered unlikely that these discordant
zircons are Amitsoq zircons that suffered severe Pb loss around 2550 Ma
{age of the Qorqut granite intrusion) or ¢c. 3000 Ma (approximate age of the
intrusion of the precursors of the type-N({k gneisses). More likely is the
possibility that they represent remnants of younger, non-Amitsoq gneiss
felsic crust some 3250 - 3400(?} Ma old.

Results of the analyses of zircons separated from the tonalitic gneiss
G87-82, are shown in Figure 3.25, and are interpreted in a manner similar to
that for G87-80. A discordia of the majority of data points of G87-92

intersects the Concordia again at approximately 3000 Ma.
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However, there is also evidence of zircon growth at c. 2580 Ma, the age of

the Qorqut granite.

Small/single zircon analyses.

A number of zircon sub-samples were picked from the least magnetic
sized fractions and analyzed by chemical techniques. A set of six samples
were processed using a modified version of Krogh’s (1973) column
technique. Because of the generally high and inconsistent Pb blanks obtained
when employing this approach, the author investigated the applicability of
the single bead method of Manton (1988) to Archaean zircon U-Pb analyses.
A dramatic reduction in the Pb blank resulted. A full description of the
method utilized for this study is listed in Appendix 3 (see also Duke and
Baadsgaard, 1993).

Using the single bead procedure U-Pb analyses were performed on
zircons separated from ¢. 20 type-NOk gneisses. Zircons were selected on
the basis of their clarity, and where possible, those containing inclusions
and/or cracks were excluded. In most instances the picked sarnples were
also abraded {Krogh, 1982}.

For the most part, the zircons were of high quality, euhedral in form,
and invariably a distinctive hyacinth colour (Figures 3.26 to 3.31). Some
samples displayed a wide variety of zircon morphologies, e.g., sample G87-5
{Figure 3.29a). A number of samples (e.g., G87-5, G87-149, and G87-112}
had zircons that displayed obvious cores and rims {e.g., Figure 3.31 }. The
cores were always much lighter in colour than the rims, which were usually
dark red to brown in colour {(Figure 3.31b). On the basis of colour,
subsamples of the light pink coloured and dark red zircons were picked and
analyzed as representative of the cores and rims, respectively. Where
applicable these samples are identified {(c - cores, r - rims}. In all cases the
darker ‘overgrowth gave younger dates compared to the assumed ‘core’

material.
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Figure 3.26 Type-Nik gneiss picked and abraded zircons. a) G87-1
b) G87-2 (oblique lighting, scale 100 ymj.
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Figure 3.27 Type-Nak gneiss picked and abraded zircons. a} G87-34
b} G87-94 {oblique lighting, scale 100 umj).
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Figure 3.28 Type-N(k gneiss picked and abraded zircons. a) G87-103
b} G87-111 {oblique lighting, scale 100 um).
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Figure 3.29 Zircons from G87-6 a) example of multiple zircon populatians -
oblique light, scale = 0.5 mm, b) example of a core in a zircon from
one of the populations of {a) - crossed polars, scale = 100 ym.
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a)

b)

Figure 3.30 Type-N{k gneiss picked and abraded zircons. a) G87-16
b) G87-90 (oblique lighting, scale 100 um).
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a)

b)

Figure 3.31 Two zircon populations from type-Nik gneiss G87-142
a) anhedral, fractured, pink ‘core’ zircons b) euhedral, equant, high-U
dark metamorphic zircons (oblique lighting, scale 100 umj.
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Results.

Table 3.5 lists the blank-corrected data for the chemically-analyzed
zircons of this study, together with calculated dates, U, Th and Pb
concentrations for each sample. Common lead corrections were applied
according to the SK-model {Stacey and Kramers, 1975). The Th
concentrations are only considered reliable for those samples that are
concordant, or almost so, as they were back calculated given the age of the
zircon sample and its blank and common Pb corrected 2**Pb/?**Pb ratio.
Given the uncertainty in the mass of zircon and spike used, the element
ratios are more accurate compared to the element concentrations.

The data are also plotted on conventional Concordia diagrams in
Figures 3.32 to 3.33.

U-Pb Zircon_Ages

In the following description discordant results are assigned a minimum
discordancy based on extrapolation from the origin, through the 2°°Pb/?%*U -
207ph /235y data, to the Concordia. Results are grouped by rock-type, not to
imply that the dioritic gneisses represent the oldest component of the type-
Nak gneisses, for example, but to provide a simple means to group data.

Uncertainties in the 2¥7Pb-2"®Pb ages are calculated using a programme
written by Dr, H. Baadsgaard that sums the determinant errors and so

maximizes the measurement uncertainty.

Dioritic gneisses
G87-39: From the island of Tartunguaq, south of Nuuk
- two zircon populations separated on the basis of colour {pink and red
grains). These zircons showed no evidence of a core/rim relationship.
The results are slightly discordant with °’Pb-*°Pb dates of 2922 and
2962 Ma, respectively.
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Figure 3.32 U-Pb concordia diagram of zircon analyses.
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Figure 3.33 U-Pb concordia diagram for samples G87-5, G87-16, G87-111,
G87-112 and G87-113.
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Quartz dioritic gneisses
G87-16, 17, and 18 Airport road
- G87-16: minimum of 1.15% discordant, 2’Pb-2®Pb age of 2992 Ma
- G87-17: reverse discordant, 2’Pb-?*°Pb age of 3005 Ma which agrees
well with the SHRIMP age of 2998 £ 12 Ma (20)
- G87-18: essentially concordant, 2962 Ma (0.15% discordancy) taken
as age of intrusion of igneous precursors (cut by G87-19).
G87-118 southern Sadelo
- G87-118: a minimum of 1.0% discordant at 2958 Ma
G87-112 Nuuk promontory
- G87-112: pink 'core’ zircon, slightly discordant {minimum 1.57 %)
with a °’Pb-?*°Pb age of 2996 Ma; red ‘rim’ zircon, minimum
4.0% discordant with a ®°’Pb-2°°Pb age of 2967 Ma
{(n.b., G87-113 (2991 Ma} intrudes G87-112, and both are cut by a granitic
(s.l) dyke G87-114 (2791 Ma)

G87-149 southern Bjegrnegen
- (G87-149 core and rim zircons
cores: pink, irregular, sugary looking; minimum discordancy of 1.5%),
207ph.29%ph age 3038 Ma; rims: red, euhedral, high U, minimum dis-
cordancy 1.2%, ©'Pb-?°Pb age 2977 Ma

Tonalitic gneisses
G87-90 Airport road quarry
- G87-90: slightly discordant (0.94%) #*°’Pb-2°°Pb age of 2984 Ma
G87-21 Airport road
- G87-21: almost concordant result {(minimum 0.70%) *’Pb-°®Pb age
of 2968 Ma
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GB87-24 Town road
- G87-24: essentially a concordant result {(minimum of 0.26% dis-
cordancy), low U, Th and Pb, ?’Pb-%Pb age 2933 Ma

Trondhjemitic gneisses
G87-4 from Airport (mapped as Amitsoq gneiss), reverse discordant
207pp-29%pPh age 3011 Ma
G87-12 N end of runway, turbid grains, excellent 2°°Pb-***Pb ratio,
however, very discordant (minimum of 13%) hence a minimum #°’Pb-
208ph age of 2918 Ma.
G87-103 and G87-111 Marina
- G87-103: discordant (= 6.2%) with a 2’Pb-**®Pb age of 2993 Ma
- G87-111: slightly discordant result (= 0.6%), *’Pb-?°Pb age of
2984 Ma

Granodioritic gneisses

- G87-94: discordant (=4.05%), maximum 2°’Pb-?°®Pp age of 3003 Ma

- G87-5 at airport {mapped as Amitsoq gneiss) minimum of 5 popul-
ations (Figure 3.30a) - picked clearest for analysis. Highly discordant
{=9.2%) ’Pb-?°°Ph age of 2919 Ma

As noted by Baadsgaard and McGregor (1981) the oldest ages determined
on the type-Nik gneisses were for samples from Bjgrnesen vs the straight
belt that passes through the Nuuk townsite and towards the northeast.
Where cross-cutting relationships are discernable on an outcrop scale (e.g.,
G87-112, -113, and -114} the zircon geochronology supports the temporal-
compositional relationship of early intermediate gneisses, intruded by more
felsic tonalitic/trondhjemitic gneisses, that are all cut by the late granitic
(s.l.) sheets. However, on a larger scale (i.e., kms} there is no evidence to

suggest that the intermediate gneisses are always older than the tonalitic
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gneisses, which in turn are always older than the trondhjemitic gneisses. On
the contrary, it would appear that the quartz diorite-tonalite-trondhjemite-
granodiorite sequence is repeated many times throughout the region. This
would seem to indicate multiple "TTG intrusive ‘cycles’" vs. a prolonged
period of intermediate magmatism, followed at a later date by tonalitic
magmatism, and at an even later date by trondhjemitic or granodioritic
magmatism. The dioritic and quartz dioritic gneisses are not restricted to >

3000 Ma and the trondhjemitic gneisses to < 2950 Ma, for example.

Metamorphic Zircons.

Zircons separated from samples G87-149 and G87-112 (both quartz-
dioritic gneisses, the former from southern Bjernegen, the latter from one of
the promontories in the Nuuk townsite) both displayed dark red coloured
rims, interpreted as metamorphic overgrowths, on pink coloured cores. In
addition, each of the samples yielded two zircon populations one pink, the
other dark red, interpreted as magmatic and metamorphic zircon, respect-
ively. The core zircons were generally anhedral, irregutar, and ‘fractured’
{Figure 3.31a} while the metamorphic zircons were well facetted, euhedral,
and had a small aspect ratio (Figure 3.31b). U-Pb zircon analyses of these
metamorphic zircons gave discordant results of between 1.3 and 4%. The
207pp.298ph minimum ages were 2977 and 2967 Ma, respectively for G87-
149 {r) and G87-112 (r). Assuming that they were both generated by the
same metamorphic event, a line regressed through the two points gave a
Concordia intercept age of 2981 = 1 Ma (20), in reasonable agreement with
the minimum 2*’Pb-2°°Pb age of G87-149(r) suggesting a metamorphic event
at that time.

However, Figure 3.33 shows that samples G87-111, G87-16, G87-
113, G87-112r, and G87-5 all lie on a discordia with a Concordia upper
intercept age of 3002 + 1 Ma (20} and a MSWD of 0.4.
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U-Th-Pb Zircon data

As would be predicted, those samples that had the lowest U and Th
concentrations tended to give more concordant results. Where ‘core’ and
‘rim’ zircon populations occur, the ‘rim’ material {(accepted as being of
metamorphic origin, see Chapter 4) always has a higher concentration of U
than the core material. The reasons and implications of this are discussed in
Chapter 4.

Discussion of the U-Pb Zircon results.

The range of combinad SHRIMP and conventional U-Pb ages for the
type-N{k gneisses, determined as part of this study, span about 120 Ma
(2920 - 3040 Ma). Baadsgaard and McGregor, (1981} reported a greater
range (2890 - 3065 Ma) based on the analysis of bulk, sized, zircon
samples.

Of particular importance is the 2981 + 1 Ma (20} Concordia
intercept age for the two metamorphic zircon samples G87-1 12r and G87-
149r. This age agrees extremely well with the bulk zircon U-Pb result of
2982 + 7 Ma (20) obtained for the Taserssuaq tonalite (Garde et a/., 1985)
at the northwest head of Godth&bsfjord (and a less precise Rb-Sr age of
2980 + 50 Ma (20) obtained for a large granodioritic body from the east
coast of Bjernesen). The Taserssuaq tonalite crops out over an area > 2000
km?, and McGregor et a/., 1986, postulated that this batholith may have
been responsible for the granulite-facies metamorphism of the Nordlandet
gneisses. As shown in Chapter 4, SHRIMP and conventional U-Pb analyses
of zircons from Nordlandet clearly indicate that the peak of granulite-facies
metamorphism peak was at 3014 + 7 Ma (20g). This is significantly older
than the 2982 Ma metamorphism of the type-NOk gneisses.

An alternative interpretation is inferred by the extreme linearity of the
discordia which includes G87-112 r (and G87-5, -16, -111, and -113). It

would appear that there was a metamorphic event at about 3002 Ma
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(possibly related to or accompanying intrusion of type-NUOk gneiss
precursors). Given the MSWD of 0.4 for the fit of this discordia the
probability that the analyses line-up in this manner by ‘chance’ is vanishingiy
small. Therefore this second interpretation must be preferred over the
‘chance’ agreement between the discordia intercept age of 2981 Ma for
GB87-149 r and GB87-112 r and the age of the Taserssuaq tonalite.
Morphologically, some of the other zircon samples suggest a metamorphic
origin {e.g., G87-5 and possibly G87-111 - Figures 3.3C and 3.28).
Although G87-5 showed examples of cores (Figure 3.30 b} no such
evidence was found for the other samples.

Baadsgaard and McGregor {1981} suggested the range in ages they
obtained for the type-NU(k gneisses was due to Pb loss induced by strong
metamorphism at ca. 2850 Ma, ca. 2660 Ma, and at ca. 2500 Ma, the time
of emplacement of the Qorgut granite. Given the data reported here it is
suggested that a metamorphic event at 3002 Ma, and the severe ductile
deformation that produced the straight belt that runs through Nuuk townsite
at ca. 2530 Ma, were likely two major causes of Pb loss.

Recognizing that at least some of the type-N{k gneiss zircons have
suffered some Pb loss, a histogram of the combined SHRIMP and
conventional 227Pb-2%Pb zircon ages was generated in an aitempt to answer
the question of whether the type-NOk magmatism was of a prolonged or
episodic nature. The resulting histogram is shown in Figure 3.34a.

The obvious metamorphic ‘rim’ zircons have not been included in this
diagram. Although the data are few, they indicate a ‘normal’ grouping of
ages around 3000 Ma, a lull at about 2950 Ma, and possibly a minor
increase in magmatism around 2920 Ma. However, Figure 3.34b shows the
effect of simply shifting the histogram interval by 10 Ma. A major portion of
the results still cluster about 3000 Ma, but a second minor period of activity
at 2960 Ma is indicated. Clearly, more high precision U-Pb zircon analyses

will be required to determine the validity of either of these distributions.
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Figure 3.34 Histograms of 27Pb-2°Pp zircon ages of analyzed type-Nik

gneisses.
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3.2.3.2 Wholz-Rock Isotopic Data

With a few exceptions all the samples studied as part of this thesis
were analyzed isotopically for their common Pb composition. Rubidium-Sr
and Sm-Nd radiometric analyses were also performed on the vast majority of
the samples. A full description of the chemical separation procedures and
mass spectrometric analyses are given in Appendix 2. Analyses were

performed with the aim of determining both age and tracer information.

Rubidium-Strontium

The Rb and Sr concentrations of the majority of samplies were
determined by MSID. Excellent agreement was found between the MSID and
XRF Rb and Sr content {see Appendix 2). Consequently, the 8’Rb/®%Sr ratios
of those samples which were not analyzed by MSID for their Rb and Sr
content were calculated from the combined Rb and Sr XRF data and the
875r/88Sr measurement of those samples. Where utilized such data are
identified.

Conventional Rb-Sr isochron diagrams for the type-Ndk gneisses are
presented in Figures 3.35 and 3.36. In Figure 3.35 only those samples that
were analyzed by TIMS for both Sr isotopic composition and the ®’Rb/%°Sr
ratio are plotted. These data (n=43) give an errorchron age of 3143 + 130
Ma (20} (regression Model i, York, 1962) with an initial ®’Sr/%¥Sr ratio of
0.7017. Applying York's Model lli regression analysis (where the scatter in
data is not assumed to be only analytical) gives an ‘ace’ of 3115 £ 120 Ma
(20, ¥7S1/%°Sr, . = 0.7018 + 0.0006. Removal of samples from areas
mapped as being ‘Amitsoq gneisses’ gave an errorchron ‘age’ of 3069 =+
140 Ma (20), ¥'Sr/®Sr,um = 0.7019; + 0.0004, (20) (Model |, York, 1969),
not shown. York’s Model lll regression for this smaller data set (n=30) gives
an errorchron age of 2960 + 130 Ma (20), ¥'Sr/*Sr,,.a = 0.7023 %
0.0005 (20).
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The Rb-Sr results for all the samples based on the XRF determined
87Rb/28Sr and TIMS 87Sr/®®Sr determinations are plotted in Figure 3.36.
Regression analysis of these data gives a Model | errorchron age of 3004 %+
87 Ma (20), ¥7Sr/*Sr, . = 0.7017, % 0.00025. (Model lil: 2988 = 57 Ma
(20), ¥Sr/®8Sr, .., = 0.7017, + 0.0003,). Excluding the radiogenic sample
G87-142 from the regression analysis has an insignificant effect on the ages
and initial ratios determined by either model. As explained below the resuits
based on the Model lll regression are preferred.

Tnese ages and initial ratinos are identical within error to those
determined previously by Pankhurst et a/., {1973) for type-NOk gneisses
from the islands of Bjgrnegen and Sadels. They reported a Rb-Sr age of
2970 + 50 Ma (20} [recalculated from published age by this author using
870, =1.42 x 10" &'} with a ¥'Sr/®®Sr,,,, = 0.7026 + 0.0004 (20).
Agreement is also found between the errorchron results of this study and
the Rb-Sr isochron {3076 + 27 Ma (20}, MSWD = 0.55, ¥Sr/%Sr,u =
0.70205 + 0.00009) reported by Baadsgaard and McGregor (1981) for a
suite of dioritic to granodioritic type-NUk gneisses from southern Bjornegen.
Their Rb-Sr analyses of whole-rocks from the Nuuk townsite gave evidence
of open-system behaviour, scattering about a reference isochron of 2840
Ma. A wide belt of intense ductile deformation runs through the Nuuk
peninsula and townsite with a NNE-SSW trend {’straight belt’ McGregor et
al., 1991). Given the obvious deformational effects it would seem most
probable that the Rb-Sr isotope systematics (and possibly the Pb-Pb and Sm-
Nd) of the these samples were disturbed. In comparison, the type-Nak
gneisses on southeastern Bjgrnesen are largely removed from the effects of
the straight belt deformation, display clear cross-cutting relationships, and at
most only reached medium amphibolite-facies grade. The scatter of the Rb-
Sr results of this study is in all likelihood due to the inclusion of samples
from both the straight-belt and areas of lower deformation as well as the

inclusion of possibly older samples.

85



0.81 R

0.79 | - ,

0.77
87Sr

865
/ " 0.75

0.73

0.7

0.69 ! l t { 1 ] 1 | 1 | ! ]
0 0.4 0.8 1.2 1.6 2.0 2.4

87Rb /86Sr

Figure 3.36 Type-Ndk gneiss whole-rock Rb-Sr scatterchron for whole-rock
data determined by TIMS and XRF.
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Taylor et af., (1980) reported a Rb-Sr isochron age of 2980 + 50 Ma
(20) with 87Sr/%8Sr, .., = 0.7022 = 0.0003 for a samples of a single, large,
granodioritic gneiss body from the east coast of Bjernesen. On the basis of
int'rusive relationships and the homogeneous nature of the granodiorite, the
granodiorite is not considered to be representative of the oldest type-Nik
gneiss components.

One might be tempted to suggest that the decrease in the age and
increase in the 87Sr/%Sr, .., value, brought about by excluding the supposed
' Amitsoq gneisses’ from the Rb-Sr ragression, were real and indicated that
the Akia terrane ‘Amitsoq gneisses’ are older than the remaining type-Nik
gneisses. Based on other data {e.g., ion microprobe results) this is believed
1o be the case, however, the uncertainty in the Rb-Sr data does not permit
that conclusion.

Plotting the 87Sr/®%Sr, 4 value on a time vs ¥’Sr/*°Sr diagram
demonstrates two points. Firstly, the type-Nik gneisses could not have been
derived by the partial or complete meiting of early Archaean Amitsoq-like
material (n.b. the terrane model in its present form also negates this
possibility). Secondly, the various initial Sr data all plot well above the
875,/86Sr linear mantle growth-iine, constrained by BABI and the present day
variation of oceanic basaits. The data fit and tend to support the suggestion
of Faure and Powell {1972} that Sr evolution in the mantle has been non-
linear and is best represented by a series of evolution curves {Figure 3.37).
The flattening of these curves implies that Rb was depleted relative to Sr
fairly early in the Earth’s history with a concomitant reduction in Rb/Sr ratio.
Extraction of a significant proportion of the present day continental crust
early in the Earth’s history would produce this effect. In a Sr-isotopic study
of Labrador and West Greenland Hurst {1978) concluded that Rb was
depleted early in the evolution of the mantle beneath the North Atlantic
Craton mantle. Glikson supported this conciusion on the basis of an apparent

secular decrease in Rb/Sr ratio from the Amitsoq gneisses to the Nak
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gneisses (s..). Model Sr ages, based on ‘Uniform Reservoir’ parameters
8751 /865 = (0.7045, ®’Rb/P°Sr = 0.0827 {DePaolo, 1988), were calculated
for each sample analyzed. Open-system behaviour was indicated by the wide
range of model ages {see Figure 3.38b)} and suggests significant changes in
Rb/Sr and/or 87Sr/%8Sr ratios following crystallization of the igneous
precursors and/or metamorphic equilibration. This implies that tor the
analysis of the N0k gneiss data the assumptions of York’s Model Il
regression analysis are more appropriate than those of Model |, and should
be used. Given the preceding discussion regarding the possibility that linear
mantle growth curves are in all likelihood not applicable to the sub-North
Atlantic Craton mantle, the significance of Sr-model ages is debatable.
Figure 3.37 shows that a rock derived from depleted mantle A2 at 3.0
Ga with a Rb/Sr ratio of 0.15 would give a Tg, model age based on the linear
growth of ¥7Sr/%%Sr in the mantle from BABI to a present day value of 0.702
at least 200 Ma older than the extraction age (M1). With decreasing Rb/Sr
ratios the error in the mode! age (e.g., M2) would increase as the angle of
intersection between the mantle and sample growth curve decreased. Figure
3.38 shows such a relationship for the type-NUk gneisses. This effect is not
unique to a variably depleted mantle and would occur with a linearly
evolving mantle alsc, and emphasises the need for caution when interpreting

Sr-model ages {(or similarly Nd-model ages, e.g., Arndt and Goldstein, 1987).

Lead-Lead

Whole-rock Pb data for the type-NGk gneisses are plotted on a
208pp 204ph . 297pp /209ph diagram displayed in Figure 3.39, together with Pb
analyses of known Amitsoq gneisses collected as part of this study.
Regression of the type-Ndk gneiss data gives an errorchron age of 2947 +
110 Ma (20) [Model 1], while York’s Madel lll regression gives an errorchron
‘age’ of 3035 = 100 Ma {2g].
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Table 3.6 lists the mean literature Pb isotopic composition of Amitsog

gneisses (cata from Black et a/., (1971), Griffin et a/., (1980}, and
Baadsgaard (1976}}. Comparison of these values with the Pb-isotopic

analyses of the type-Ndk gneisses, ana known Amitsoq gneisses,

determined in this study show that none of the type-Nik gneisses overlap

tne literature Amitsoq gneiss mean values. In fact, many of the samples

collected from areas mapped as Amitsoq gneisses by McGregor (i.e., the

Akia 'Amitsoq gneisses’} show quite radiogenic Pb compositions (e.g. G87-

2, G87-89B, G87-151, etc.).

! | ! | 1 I T i
15.8}- -
= /-
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o~
15.0 =l '/0 —
A 3@?@'
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204Pb %o %
14,2 @8 -
5 o
[ ’/‘ o fn .
/ —
138 o Amitsogq
i o gneisses Slope Age = 2947 t 110 Ma -
13.4 M.S.H.D. = 174 N
13.0 1 | 1 [ ; | . I
11 13 15 17 19

206Pb/ 204Pb

Figure 3.39 Pb-Pb isochron for type-NUk gneisses {type-N(k gneisses open

diamonds, for comparison Amitsoq gneisses - open boxes).
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Table 3.6 Whole-rock Pb isotopic composition of Amitsoq gneisses.

GGU # Ref. *%pb W7ph
/*™Pb /*%Pb
201402 A 12.229 13.361
201403 A 12.313 13.408
201404 A 12.090 13.315
201405 A 12.351 13.41¢0
2014086 A 12.071 13.315
221131 A 11.929 13.306
110862 B 13.89 13.52
110999 B 11.73 13.16
155817 B 12.73 13.37
155818 B 11.91 13.23
155819 B 12.31 13.44
1556820 B 11.82 13.22
86431 C 11.96 13.29
86439 C 13.07 13.69
86596 C 13.37 13.78
86597 C 12.24 13.39
110819 C 12.71 13.71
110822 C 11.81 13.31
110823 C 13.36 13.77
110869 C 11.73 13.23
110870 C 11.95 13.34
110927 C 12.59 i3.71
110969 C 12.93 13.49
110999 c 11.83 13.29
125519 c 11.51 13.14
125522 C 11.89 13.30
125523 c 11.83 13.23
125526 C 12.61 13.68
125540 C 11.85 13.27
Mean : 12.30 13.40
{10, n=30) : 0.58 0.18
A - Griffin et el. (1980) [n = 6]
12.16 13.35
0.15 0.04
B - Baadsgaard et al. (1976) [n = 6]
12.40 13.32
0.75 0.13
C - Black et al. (1971) [n = 17]
12.31 13.45
0.59 0.22
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/*eh

32.086
32.247
31.627
32.263
31.884
31.748
31.39
31.34
31.79
31.52
32.03
31.82
32.32
38.02
33.01
31.88
34.23
33.02
33.38
31.32
31.67
32.94
31.87
31.53
31.37
32.04
31.64
33.90
31.78

32.33
1.31

31.98
0.24

31.65
0.25

32.70
1.59



Samarium-Neodymium

Sm-Nd data for the type-N{k gneisses and an amphibolite band
{dyke?}, G87-6, are presented on a conventional Sm-Nd isochron diagram in
Figure 3.40. Sample G87-144 (not plotted) was excluded from the regre-
ssion analysis because it fell so far off the regression line. The fitted
errorchron has a slope age of 2786 + 120 Ma (20), and a "*Nd/"*Nd, ;;, =
0.50889 =+ 8, corresponding to an €, = -2.6, suggesting involvement of

older continental crust.

0.513 T I
0.512
0.511 (-
143Nd/
144Nd -
0.510 |- <
b '/‘
I/ |
v
0.509 " init’ ratio = 0.50889 Age: 2786 % 120 Ma -1
0.508 1 | 1 1 1 ] 1 ] 1 !
0 0.04 0.08 0.12 0.16 0.20

147Sm/ 144Nd

Figure 3.40 Type-N(k gneiss whole-rock Sm-Nd errorchron.
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Table 3.7 lists the Sm-Nd data for the type-N(k gneisses and related
parameters and model ages; model parameters and references are given in
the table. The author prefers the Ty, ages as there is ample evidence to
suggest that the early Archaean mantle, at least of beneath the North
Atlantic Craton, was significantly depleted (Hamilton et a/., 1983;
Baadsgaard et a/., 1986; Moorbath and Taylor, 1986; Jacobsen and Dymek,
1988; Collerson et al., 1981). Those samples collected as Akia terrane
'Amitsoq gneisses’ are marked with an asterisk. As can be seen the Tgy,
model ages show quite a wide range, from 2.9 to 3.8 Ga. Some of the
samples that give early Archaean Ty,,, model ages also have early Archaean
Sr Ty ages. However, early Archaean Sr Ty, ages are found for samples
that give ¢. 3.1 Ga Tpy, Mmodel ages and vice versa. |

Using the precise U-Pb zircon dates for a number of the type-Nak
gneisses samples, Nd ¢r, values were calculated and are plotted on a time vs
€y diagram in Figure 3.41. The trajectory for the Amitsoq gneisses was
calculated from analyses of Amitsoq gneisses performed as part of this
study. Sample G87-17 plots well above the Ty, evolutionary curve.
Apparenitly in contradiction to the earlier statement by the author regarding
his preference for this particuiar evolutionary curve, the majority of the
positive € values plot closer to Ty, than Tpy,. However, excepting G87-17,
most of the samples seem shifted to negative € values, which could be
interpreted as indicating involvement of older continental crust. Only sample
G87-112 gives any suggestion of having a retarded Pb-isotopic composition,
but its 227Pb/?°*Pb ratio does not overlap that of the mean literature
207pp 204ph yalue of the Amitsoq gneisses at the 20 level. Two alternatives
to contamination by Amitsoq-like crust come to mind. Firstly, the Akia
terrane 'Amitsoq gneisses’ could in fact be ¢. 3.2 - ¢.3.4 Ga in age (as
suggested by the SHRIMP analyses of GB87-89A) and never experienced the

severe U- and Th-loss of the Amitsog gneisses, and hence have ‘'normal’
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ONay enf Teamm T Ty
Ga7 Ha 1“Na £ Bm/Na £y (0 (Ga) (Ga) (Ga)
1%  ©0.510371 0.0824 -0.5BL -4s.2 3.00 3.11 3.22
2+ ©£.51131% 0.1253 -0.363  -25.8 2.81 2.99% 3.17
ax 0.510810 0.1072 -0.455  =33.7 2.92 3.06 3.20
L4 $.510571 0.0945 -0.520 ~40.3 3.06 3.17 3.29
5¢  ©0.510399 0.0844 -0.571 -43.6 3.02 3.12 3.24
10* 0.510870 0.1043 =0.470 - 34.4 2.90 3.04 3.17
0.1066
12 ©.510281 0.072¢4 ~-D.632 -45.9 2.87 2.98 3.09
13 0.5106%3 0.0987 =-0.498 -37.9 3.00 3.2 3.25
1%  6.510352 0.0780 =-0.604 -—44.6 2.92 i.02 3.14
16 0.51075) 0.0357 -0.493 ~36.8 2.95 3.07 .20
17 0.510685 0.0856 -0.565 =-38.1 2.66 2.80 2.93
18 0.510659 0.09239 -0.522 -38.6 2.92 3.04 3.17
0.510673
20 0.510273 0.07€5 -0.611 =~46.1 2.98 3.08 3.19
23 0.510523 0.0855 =-0.565 =-41.2 2.88 3.00 3.12
0.0852
22  0.510600 0.0918 -0.533 =39.7 2.94 3.06 3.18
24 0.510502 0.0875 ~0,.555 -41l.6 2.96 3.07 3.18
34 0.510728 0.1005 -0.489 =37.2 3.01 3,13 3.26
35  0.510467 0.0818 ~0.584 ~42.3 2.86 2.98 3.10
36 0.51074% 0.1020 -0.481 -36.9 3.62 3.14 3.27
39 0.511162 0.1223 =0.378 ~28.8 3.00 3.16 3.31
43% 0.511476 0.1412 =0.282  ~22.6 3.17 3.34 3.52
57 ©.510985 0.1124 -0.428 -32.2 2.97 3.11 3.26
58 0.510451 0.0847 ~0.569 -42.6 2.96 3.07 3.18
£9 @.510742 0.0987 =0.4%8 -37.0 2.93 3.06 3.19
60 0.519071 0.073r =0.6528 -50.0 3.14 3.23 3.33
80 ©.510847 0.1076 -0.453 -34.9 3.04 3.17 3.31
85 0.510368 0.0768 =0.610 ~—44.2 2.87 2.98 3.09
86 0.5111%8 0.1352 -0.312 -28.1 3.54 3.65 a.79
87+ 0.510530 0D.0945 -0.519 ~41.1 3.12 3.22 3.34
88% 0.510886 0.1085 =-0.448 -34.1 3.01 3.14 3.28
B9A% 0.510592 0.0522 -0.526 -39.9 2.9% 3.11 3.22
89B% 0,511213 0.1233 =-0.373 =-27.8 2.94 3.10 3,27
90 ©0,511296 0.1376 -0.300 ~26.1 3.43 2.11 3.71
91 §.510822 0.1072 ~0.455 =35.4 3.07 3.1% 3.33
92 0.510295 0.0761 =0.613 -45.7 2.94 3.05 3.16
93 0.510325 0.0825 -0.581 ~45.1 3.07 3.16 3.27
94 0.510262 0.0712 ~0.638 =-46.3 2.87 2.97 3.08
103 0.510777 0.1020 -0.4B1 =36.3 2.98 3.10 3.22
111 0.510521 0.0871 ~0.857 -41.3 2.93 3.04 3.16
112 0.510562 0.0962 =-0.511 =40.5 3.13 3.23 3.35
113 0.510232 0.0720 ~-0.634 -46.9 2.92 3.02 3.13
116 0.509771 0.0503 -0.744 -55.9 2.97 3.05 3.14
118 0.510851 0.1020 -0.441 -34.8 3.12 3.24 3.37
120 0.510432 ©0.0848 -0.569 =-43.0 2.99 3.09 3.2%1
121 0.510767 0.1006 ~0.488 ~36.5 2.95 1.08 3.21
122 0.510598 0,0904 =0.540 =-19.8 2.91 3.03 3.15
123 0.511392 0.1350 =0.313 =-24.3 3.06 3.23 3.41
124 0.510703 0.0983 -0.495 -37.7 3.01 3.13 3.25%
127 0.510308 0.0763 -0.612 =-45.4 2.93 3.04 3.18
142 0.511012 0.1088 -0.44§ -31.7 2.80 2.96 3.11
145% 0.511000 0.11i82 ~0.399 -31.9% 3.16 3.28 3.43
0.1180
146% 0.510942 0.1104 =-0.438 ~33.0 2.98 3.11 3.26
148 0.510959 0.1138 -0.421 =-32.7 3.07 3.20 3.34
149 0.511008 0.1221 -0.379 =-31.8 3.31 3.42 3.56
151* 0.511466 0.1444 =0.265 -22.8 3.39 3.83 3.71
152« 0.511275 0.12345 =0.316 -24.6 3.07 3.24 3.42
154% 0.510906 ©0.1132 ~0.424 =33.8 3.14 3.26 3.40
964 0.510824 0.1007 -0.488 =35.4 2.86 3.00 3.12
965 0.511750 0.1542 =0.215 =-17.3 3.16 3.38 3.60
966 0.510598 0.098%5 ~0.457 ~37.8 3.00 3.12 3.25
968 (0.510549 0.0964 «0.510 ~40.7 3.15 3.25 3.7
969 ©.510550 0.0989 -0.497 -40.7 3.23 3.33 3.44
970 0.510922 0.1110 —-0.436 ~33.4 3.03 3.16 3.30

* - gamples of Akia terrane ‘Amitsoq gneisses’

Mode) age parameters:
143Hd/144Rq
0.512638
0.513163

CHUR

DH2
DM

[T

1478n/144Rd
(Jacobsen and Wasserburg, 1980)

0.1967
0.2136
€ = 0,25t - 3t + §.5

(Goldstein et al.,1984)
(befaoclo,

1981}

Table 3.7 Type-NOk gneiss whole-rock Sm-Nd data
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2.5 27 2.9 3.1 3.3 35 3.7
Time {Ga)

Figure 3.41 Nd evolution diagram showing the type-N{k gneisses and the
trajectory of the Amitsoq gneisses. (DM parameters given in Table 3.7; error

bar: Amitsoq gneisses Sm-Nd data from Moorbath and Taylor, 1986).
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crustal Pb compositions. Such crust would evolve along a path essentially
parallel to that drawn for the Amitsog gneisses of the Akulleq terrane, but
shifted up some 6 €-units, /.e., passing through the data points of Figure
3.41. Alternatively, the severe ductile deformation associated with the
straight-belt has disturbed the Sm-Nd systematics so that they are
unreliable. However, sample G87-149 from southern Bjgrnesen, displays an
€ value of -3 but comes from an area of low deformation.

An €, VS €, diagram for the type-Nuk gneisses at 3.0 Ga is displayed
in Figure 3.42. €, values range from about +5 to -5, while with two
exceptions €, values are all positive. The €y, values appear to be evenly
distributed about CHUR. This is not interpreted to mean that the source
region of the type-N{k gneisses had CHUR Sm-Nd characteristics, but like

Figure 3.41, indicates possible contamination with older crust ¢.= 3.2 Ga.

3.2.3.3 Comparison with Amitsoq gneisses

Four Amitsoq gneisses, collected from the Akulleq terrane, were
chemically and isotopically analyzed to compare with the type-NOk gneisses
and possible ‘Amitsoq gneisses’ from the Akia terrane. In addition, the
chemical data were compared with Amitsoq gneiss chemical analyses
reported in the literature (e.g., Lambert and Holland, 1976; McGregor, 1979;
Nutman and Bridgwater 1886).

The whole-rock chemical and isotopic data for the samples are listed
in Appendix 4 and Table 3.8, respectively. Chondrite normalized REE plots

and 'spidergrams’ are provided in Appendix 6.

Isotopic Results
A single U-Pb zircon determination of one of the samples (G87-140)
gave a discordant result {-2.9%) with a *’Pb-***Pb minimum age of 3524

Ma (Figure 3.43} confirming its field identification.
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Compared to the type-Nik gneisses the unradiogenic nature of the
Amitsoq gneiss whole-rock Pb is apparent from Table 3.8. Sample G87-140,
with a 2%°Pb/?®*Pb ratio of 12.1589, is particularly unradiogenic. The results of
this study agree wvell with the mean literature values reported earlier (Table
3.6) and confirm the potential of using the unradiogenic Pb composition of
the Amitsog gneisses as a tracer for crustal contamination.

The Tpu, model ages of the analyzed Amitsoq gneisses are indicative
of an early Archaean age. Note the excellent agreement between the Tpy,
model age for G87-140 (3.51 Ga) and the U-Pb ?’Pb-2°Pb minimum age of
3.524 Ma (Table 3.8).

The 87Sr/%8Sr ratio was only measured in two samples, and both

measurements were fairly radiogenic.

Chemical Results

On the basis of chemical data reported in the literature, and the few
analyses of Amitsoq gneisses performed as part of this study, the salient
chemical differences between the type-NOk gneisses and the Amitsoq
gneisses are as follows. For similar rock-types the Amitsaq gneisses are
generally enriched in Y, Nb, Pb and Rb, and depieted in Sr and Ba compared
to the type-NUk gneisses. The increase in Sr and Ba in the ¢. 3.0 Ga type-
NGk gneisses vs ¢. 3.6 Ga Amitsog gneisses is the reverse of the general
trend for these elements in Archaean high-grade gneisses world-wide
(Glikson, 1979}. As a consequence of the above enrichments/depletions the
Rb/Sr ratios for the type-N0k gneiss TTG-suite are invariably much lower
than their Amitsoq gneiss counterparts (by at least a factor of two). This has
potential ramifications with regards to Rb-Sr isotopic studies. Based on Rb-
Sr isotopic analyses of rocks from Labrador and west Greenland, Hurst
(1978) deduced that the mantle beneath the North Atlantic Craton had a
mean Rb/Sr ratio of 0.014, indicating Rb depletion early in the history of
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Figure 3.43 U-Pb concordia diagram for Amitsoq gneisses sample G87-140.
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the source region of the gneiss precursors, possibly relating to the extraction
of large amounts of continental crust from the mantle of the region. The
reduction in the chemical Rb/Sr ratio from the Amitsoq to the type-Nik
gneisses agrees with this conclusion and indicates that the source region of

the type-Nik gneiss precursors was likely quite depieted.

3.2.4 Summary

Chemical results of this study, which was not designed to collect
samples on the basis of rock-type, show that the amphibolite-facies type-
NGk gneisses are dominantly tonalitic and trondhjemitic in composition, with
slightly smailer proportion of granodioritic gneisses, with minor dioritic and
quartz-dioritic gneisses. In this regard the type-NUk gneisses are typical of
most Archaean high-grade gneiss TTG-suites.

In comparison to the Amitsoq gneisses the type-NOk gneisses are
depleted in Y, Nb, and Pb, and enriched in Sr and Ba. On average the type-
Ndk TTG gneisses contain less Rb than their Amitsoq gneiss counterparts.
The Rb content of the dioritic gneisses is more variable. A consequence of
the low Rb and high Sr contents of the type-Nik gneisses vs the Amitsoq
gneisses is the much lower Rb/Sr ratio observed for type-NGk gneisses
compared to the Amitsoq gneisses (or Ikkattog gneisses).

Given the effects of the 3002 Ma metamorphic event, the intrusion of
the Taserssuagq tonalite (and possibly the large granodioritic type-NGk gneiss
intrusions) at ca. 2982 Ma, and the formation of the straight-belt at ca.
2500 Ma on zircon ages, it would not be surprising to find that one or more
of the Rb-Sr, Pb-Pb, and Sm-Nd whole-rock systems was disturbed. That the
data show scatter well outside that due to analytical uncertainty is in all
probability due largely to open system behaviour. In fact, it is quite
remarkable that the errorchron ‘ages’ agree so well, and that a weighted
mean of the ‘ages’ of the three systems gives an 'age’ of ¢. 2940 that

agrees fairly well with the U-FPb zircon ages.
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CHAPTER 4
Nordlandet Granulites
4.1 introduction

Prior to this study the relationship between the granulites of
Nordlandet peninsula and the type-NOk gneisses was uncertain. A
geochronological study of the granulites was undertaken to clarify the
situation. Furthermore, chemical analyses of the Nordlandet granulites were
performed to assist in determining their relationship, if any, to the type-Nik
gneisses, and tc provide geochemical data on this important rock-type and
to help elucidate their mode of formation.

The Nordlandet peninsula, in the north-western part of the Akia
terrane, is an extensive granulite terrane some 4000 km? in area. The
peninsula is separated from the amphibolite-facies rocks of the type-NGk
gneisses by the western arm of Godthabsfjord (Figure 1). Statements as to
the relationship between the granulites and the type-Ndk gneisses vary.
McGregor et a/., (1986} stated that the granulites are:

"..not included within the NGk gneisses because their
relations to the type Ndk gneisses across the fjord
are uncertain.” p.124.

Whereas in regard to the same granulites, Riciputi, Valley and McGregor
(1990) stated that:

"Although separated by the western arm of Godthabsfjord, the
granulites are believed continuous with the westernmost terrane
in the amphibolite facies belt.....which contains the type NGk
gneisses.” p.172.

And Nutman et a/., {1989) stated:

"The Akia terrane is dominated by the amphibolite facies type
Nak gneisses of Nuuk town and southwestern Godthabsfjord and
what are probably their equivalents at granulite facies to the
west on Akia” p.577.

This uncertainty arises in part because: a) the western arm of Godthabsfjord

separates the two areas, b} the fjord follows the Ataneq fault, a major
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Proterozoic fault, and c) prior to this study no zircon U-Pb dating had been
performed on the granulites. The only age determined for the granulites
(3000 = 70 Ma, Taylor et al., 1980; and data in Black et a/., 1971)
although contemporaneous with the accepted age of the type-Nik gneisses

was assumed to date the granulite metamorphic event.

4.1.1 Previous Work

The Nordlandet peninsula is separated by the western arm of
Godthabsfjord from the amphibolite-facies rocks of the type-Nik gneisses.
Macdonald (1974) reported some preliminary findings following systematic
mapping of part of the area while Reed (1980) carried out a petrographic
study of the rocks of the region. The greater portion of the area consists of
dioritic to quartz-dioritic gneisses which were metamorphosed to granulite-
facies grade. However, few geochemical data have been published on the
granulites to date.

Taylor et a/., (1980) reported a Pb-Pb whole-rock age of 3000 + 70
Ma for the granulites which was interpreted to be the age of granulite-facies
metamorphism. Others assumed that in all likelihood the age of the granulite
precursors was probably not significantly older than the metamorphic age
hence the origin of the idea that the precursors of the Nordlandet granulites
were probably contemporaneous with those of the type-N({k gneisses (e.g.,
McGregor et a/., 1986; Nutman et a/., 1989).

James (1975), reporting on rocks from Bjerneeen and the eastern
coast of Nordlandet, described mylonitic shear zones from Nordlandet that
display a similar orientation and sense to steeply dipping, NNE-SSW trending
shear zones from central Bjgrnesen (/.e., the straight belt}. He deduced that

the structural evidence was consistent with a steep, west-verging thrust.
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4.1.2 Description of the Granulites

The Nordlandet granulites are predominantly of igneous origin.
However, metasedimentary enclaves occur and are more abundant on the
western side of the peninsula. Macdonald (1974) reported that granulites of
dioritic and quartz dioritic composition dominate the area, though minor
amounts of apparently younger tonalitic and trondhjemitic rocks,
metamorphosed to granulite-facies grade also occur. He also reported a
supracrustal suite composed of amphibolites, pelitic metasediments, and
minor skarns which on the basis of field relations was considered older than
the dioritic granulites.

Using a variety of geothermometers and geobarometers applied largely
to metasedimentary rocks, Riciputi et a/. (1990} determined the conditions
of granulite-facies metamorphism in the region to have been 800 + 50° C,
7.9 £ 1.0 kb {0.79 GPa). They estimated that f,,,, and f,, were low,
suggesting that peak metamorphism was fluid absent i.e., there was no
pervasive CO,-rich fluid during granulite-facies metamorphism.

As part of this study fourteen samples were collected from the
eastern side of the Nordlandet peninsula by the author. A description of the
samples and their field locations are given in Appendix 1. One of these
samples, GB7-68, is a late granite sheet that cuts and locaily caused
retrogression of the intruded granulite. A sample of the retrogressed
granulite {G87-69) was collected close to the contact of G87-68 with the
aim of examining the isotopic and chemical effects of retrogression. On the
basis of their mineralogy the remaining samples were considered granulites
or retrogressed granulites.

On Nordlandet there are a number of shear zones that invariably are
only a few cm wide. Mineralogically, the shear zones commonly display
retrogression to epidote amphibolite-facies. G87-133 is a sample taken from
such a shear zone (which trends 020° 80° E, and appears to be sinistral
with the east side up). Samples G87-131, and G87-130 were taken
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approximately 1 m and 2.5 m, respectively from G87-133. These two
samples showed no evidence of retrogression in either hand specimen or
thin-section. G87-128, another fresh granulite, was collected ¢. 30 m from
G87-133. Because of its white colour in hand specimen {vs. the greasy-
looking brown to green coloured dioritic granulites), sample G87-1298 was
interpreted in the field as a retrogressed granulite. Thin-section examination
and major-oxide chemical analyses, show that the sample is retrogressed
and trondhjemitic in composition (i.e., a retrogressed enderbite). However,
the LILE depletion displayed by the sample demonstrates that the
retrogression was isochemical in nature. Similarly, in the field sample G87-
136, a coarse grained rock with purple coloured quartz, was also considered
to have undergone retrogression. Thin-section examination showed this to
be the case {no residual orthopyroxene was observed). As with G87-129 the
low LILE content, very high K/Rb ratio and extremely low Rb/Sr ratio of the
sampie suggests that it had almost certainly experienced granulite-facies
grade metamorphism and underwent isochemical retrogression. Major
element analysis suggests the rock is a metamorphosed tonalite (/.e., again a
retrogressed enderbite). Samples G87-135 and G87-138 were taken from
small shear zones {a few cms wide) again to examine the effects of shearing
and possible geochemical and isotopic effects. The shear zone samples G87-
133 and G87-139 are composed of fine grained, foliated plagioclase +
hornblende + epidote + quartz + biotite (Nutman et a/., 1989; and this
study)}. Using plagioclase-hornblende geothermobarometry Nutman et a/.,
(1989) determined that this new mineral assemblage equilibrated at c.
550°C and c. 5.5 kb (0.55 GPa) (/.e., epidote amphibolite facies grade).

In addition to the samples collected by the author, Lee Riciputi
generously supplied powdered aliquots of a number of sampies that were
collected from west central Nordlandet {see Riciputi ef a/., 1990). A number
of these samples were isotopically analyzed by the author {here designated

LR-nnnnnnj.
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On the eastern side of the Nordlandet peninsula the granulites are
predominantly dioritic to quartz dioritic in composition (that is, norites and
quartz norites) while on the western side ultramafic and paragneisses are
more abundant.

All of the Nordlandet samples collected by the author were analyzed
by XRF, INAA and MSID, and the majority had whole-rock Sm-Nd, Rb-Sr,
and Pb-Pb analyses performed on them. Two of these fourteen samples
were specifically collected with U-Pb zircon dating in mind {G87-67 and
G87-70). Samples supplied by L. Riciputi invariably were analyzed for their
comrnon Pb isotopic composition and Sm-Nd systematics; a number were

also analyzed by INAA for elemental data.

4.2 Geochemistry

The major and trace element resuits for the granulite samples
collected by the author are given in Appendix 4. On the basis of their major
element composition and the Debon and Le Fort (1982} igneous rock
classification scheme {Figure 4.1), the majority of the granulite samples may
be classified as norites (G87-128, 130, 131) or quartz norites (G87-67, 70,
135, 137, 138, 139), while G87-136 and G87-129 are enderbites (of
tonalitic and trondhjemitic parentage, respectively). G87-69 and G87-133
were likely quartz norites prior to retrogression. Unless otherwise identified
in the following geochemical diagrams the norites are represented by filled
circles, the quartz norites by filled diamonds, the enderbites by an open
circle and triangle (tonalitic and trondhjemitic, respectively), the severely
retrogressed sample G87-133 by a filled, inverted triangle, and the granitic
sheet by an asterisk (see Figure 4.1).

Mineralogically, the norites and quartz-norites are fairly straight
forward, containing orthopyroxene + clinopyroxene + plagioclase + quartz
+ magnetite + ilmenite + amphibole + biotite * apatite. When present,

the amphibole and biotite invariably replace the pyroxenes, with hornblende
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Figure 4.1 Igneous protolith classification of the Nordlandet granulites

(according to Debon and Le Fort, 1982; fields as in Figure 3.3}

commoniy rimming hypersthene. The presence of a weak penetrative
foliation suggests that the granulites formed predominantly by static

recrystallization. The granulites display a granoblastic texture.
Shaw (1972) proposed a discriminant function (DF) to identify the

parentage of granulites based on the analysis of six major oxides. However,
the reliability of the function has been galled into question by a number of
workers (Paterson (1983) and references therein}. The positive values
determined for all the granulites collected by the author are indicative of an
igneous parentage. Similarly, the fact that ail but the trondhjemitic gneiss are

metaluminous (diopside normative) suggests an igneous source for the
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granulites (Figure 4.2}. On a TiQ, vs Si0, diagram all of the analyzed
Nordlandet samples fall in the orthogneiss field defined by Tarney (1976).
Using the P,04/TiO, vs MgQ/CaQ discrimination diagram for distinguishing
ortho- and paragneisses from high-grade complexes (Werner, 1987) all the
Nordlandet samples plot in the field indicative of @ magmatic origin. Given
the agreement of all these indicators it seems most probable that the

precursors of the granulites were igneous in nature.

| Melalumnous Perahuminous

¥GB7-68
*G87-67
+GE7-53
+G07-70
*G87-128
«GB7129 - .
*G87130 - *
*GE7-131
~GB7-133
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*G67-137
*GA7.138
*G87-139 L *

N
* &

AR03MNA20 + K20)

Petalkaline

AROMCa0 + Na20 + K20)

Figure 4.2 Shand’s index for the Nordlandet granulites.
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4.2.1 Major Element Chemistry
Harker variation diagrams for the granulites and the late, cross-
cutting granite sheet are graphically presented in Figures 4.3 to 4.5.

The silica content of the granulites ranges from ¢. 54 to ¢. 73 wt %,
but the majority of samples are dioritic to quartz dioritic in composition
(ranging from ¢. 54 to ¢. 61% Si0,). The Al,0, data show a fair degree of
scatter, while TiO,, FeQ*, MgO, Ca0, Na,0 and P,05 show a high degree of
linearity with varying SiO, content. On the basis of these and a number of
the trace element Harker diagrams a strong case can be made suggesting
that the patterns are representative of igneous differentiation-fractionation
processes.

Plotted on an AFM triangular diagram (Figure 4.6) the samples are
seen to be calc-alkaline in character and suggest a trondhjemitic trend.
However, the data for the more sodic rock-types are too few in number to
be definitive. On a Na-K-Ca triangular diagram {Figure 4.7} the depletion in K
is readily apparent, and the enderbitic samples show no suggestion of
becoming appreciably enriched in K.

Because of the low levels of K,0, further discussion regarding the K
content of the granulites will be left until the section entitled ‘Trace Element
Geochemistry’.

In the following description of the granulites (unless explicitly stated)
any mention of the term "granulite’ implies fresh material with little or no

evidence of retrogression.

4.2.2 Trace Element Chemistry

Like the majority of the major elements, silica variation diagrams of
many the trace elements display strong correlations with silica content, e.g.,
Ba, Cr, Co, Hf, Ni, Sc, V, Zn, and Zr (Figures 4.8 and 4.9).

LILE (K, Rb, Cs, U, Th)

The LILE content of granulites are of particular interest with regard to

109



Fed (%)

Mo [ X}
[%)
T
1

502 (w ]

Figure 4.3 Harker diagrams for ALQ,, FeQ", and MgO.

110



1 T T T )

Co0 (W %)
on
T

861

a5t . .®

Ha20) [t %)

asr x

K20 (vt X)
W
T

S02 M X]

Figure 4.4 Harker diagrams for Ca0O, Na,0O, and K,0.

111



Ba

Figure 4.5 Harker diagrams for TiO,, MnQ, and P,0O¢

S02 (WX}

112




Calc-Akaline

LN LVl r LWl \/ AV LV L3 AV

Na20 + K20 Mg0

Figure 4.6 AFM plot of the Nordlandet granulites.
K

Na : Ca
Figure 4.7 Na-K-Ca ternary diagram of the Nordlandet granulites.
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understanding possible mechanisms of granulite formation.

The K,0 content of the granulites is uniformly low and less than
0.9%. Those samples that have undergone extensive retrogression (G87-
133 and G87-69) show significantly elevated potash levels.

Similarly, Rb levels in the granulites are extremely low, ranging from
9.0 ppm down to a remarkable 0.284 ppm, again with the retrogressed
gneisses displaying greatly elevated concentrations. The data are displayed
on a K vs Rb plot {Figure 4.10) and mimic the Precambrian granulite trend
observed by other workers {Jahn and Zhang, 1984; Rudnick, et a/., 1985)
as opposed to Shaw's (1968} main trend (MT). All the granulites show
elevated K/Rb ratios far in excess of the average upper continental crustal
value of 252, and with one exception in excess of the lower crustal average
of 533 (Taylor and McLennan, 1985}). Rudnick and Presper (1990) recently
compiled and synthesised geochemical data for intermediate and high
pressure granulites of all ages. Only one sample is recorded as having a K/Rb
ratio > 5000, and that being between 6000 and 7000. Special note is
therefore made of samples G87-138 and G87-136. With an elevated K/Rb
ratio of 11100 sample G87-138 (a quartz-norite) is unique amongst
granulites! Even though BRb contamination would reduce the K/Rb ratio, to
ensure that the MSID determination of the Rb concentration was reliable the
analysis was repeated using a 1 g sample aliquot. The Rb concentration was
slightly /fower than the previous determination, resulting in an increase in the
K/Rb ratio. For an enderbite sample G87-136 (of tonalitic parentage} also
has an extremely high K/Rb ratio (5130}.

Figure 4.11 demonstrates the inverse relationship between K/Rb and
K content, and that Rb depletion relative to K is responsible for the extreme
ratios (Rudnick et a/., 1985). That K is depleted is shown by the lower K/Sr
ratios of the granulites {=< 31) compared to average upper crustal value (1),
or the retrogressed granuiites of this study (61 and 40).

The effect of Rb depletion on the Rb/Sr ratio is discussed more fully
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under the Rb-Sr whole-rock isotopic section. It is sufficient to mention that
Rb/Sr ratios reach very low values (0.001), almost two orders of magnitude
less than the median value for Archaean granulites {Figure 4.11).

Cesium was below the detection limit of the INAA scheme utilized for
the majority of the samples analyzed (¢. 0.1 - 0.2 ppm) and was only
quantified in three of the fourteen granulite samples analyzed {fresh and
retrogressed), two of which were from shear zones. Sample G87-129, an
enderbite of trondhjemitic parentage, has about 54 ppb Cs (determined by
extending the count time for gamma-ray spectrometry by a factor of five).
The resultant Rb/Cs ratio of 167 compares with 30.3 and 53 for average
upper and lower continental crust, respectively.

As with many other Archaean granulites the Nordlandet granulites are
characterized by low concentrations of U and Th (see Table 4. in the
isotopic section of this chapter). Unfortunately, the Th content of some of
the granulites was below the detection limit of the INAA scheme employed.
With the exception of G87-129 (trondhjemitic in compaosition) all the
granulites have Th/U ratios < 1.8, which is much lower than the crustal
average of 3.8. Similarly, the Th/U ratios of the Nordiandet granulites are
significantly lower than either the mean (13.9) or median (7.6) value for
Archaean granulite terrains (Rudnick and Presper, 1990). Compared with the
median Th and U concentrations of 3.4 and 0.4 ppm, respectively for
Archaean granulites (Rudnick and Presper, 1990} the Nordlandet granulites,
although depleted in both Th and U, appear to be preferentially depleted in
Th.

The K/U ratios for the granulites are, with the exception of G87-128,
far greater than the assumed crustal value of 10,000 (Figure 4.13).
However, all the samples fall below the mean K/U ratio for Archaean
granulites (58500) reported by Rudnick and Presper (1990), and most are
close to, or below the median value (39400). With a maximum K/U ratio of

44800 the Nordlandet granulites fall well below ratios determined for the
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Figure 4.12 Sr vs Rb variation diagram for the Nordlandet granulites.
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Scourian granulites {many of which are > 100,000). The retrogressed
granulites from Nordiandet also have elevated K/U ratios and are
indistinguishable from the fresh granulites. Unlike the K/Rb ratios there is no
relationship between K/U and K content (Figure 4.13).

For those samples where Th was determined the K/Th ratio varies
between 17000 and 29000. It can confidently be assumed that for those
samples where Th was below the detection limit of the INAA scheme that
the K/Th ratio is equally as high, if not higher, than these values. The
measured values are again in excess of the crustal average of ¢. 2630, show
no correlation with K content {excluding the granitic sample G87-68), and
are also high in the retrogressed granulites. Compared with other
intermediate- and high-pressure granulites, only the Scourian granulites
consistently show higher K/Th ratios than the Nordiandet granulites {Rudnick
and Presper, 1980).

On the basis of the reduced Th/U ratios and greater increase in K/Th
ratios vs K/U ratios compared to crustal averages, it is concluded that the
Nordlandet granulites are more severely depleted in Th than they are in U.
This conclusion is affirmed when one examines a Th/U vs La/Th plot of the
available Nordiandet granulite data (Figure 4.15). The norites and quartz
norites in particular are shifted to low Th/U ratios and increased La/Th

values, a combination most readily explained by preferential Th loss.

Rare Earth Elements (REE]

The majority of the Nordlandet granulites have Sm/Nd ratios greater
than the 0.19 median (mean = 0.19 also) value reported for Archaean
granulites by Rudnick and Presper {1990). Excluding the two enderbites,
G87-136 {0.193) and G87-129 (0.096), and the sheared, retrogressed
granulite G87-133 (0.182), the mean Sm/Nd ratio for the remaining
granuiites is 0.224 + 0.017 (n=11). Thus compared to the majority of
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other Archaean granulite terrains the Nordlandet granulites have a flatter
LREE pattern. This could be due to the more mafic nature of the Nordlandet
granulite protoliths (compared to ‘average’ Archaean granulites) and/or that
the granulites suffered LREE depletion via removal of a partial melt phase.
Chondrite normalized REE patterns for the average of the dioritic, and
quartz dioritic granulites, the two enderbites, and the average Scourian
granulite are plotted in Figure 4.16. The SiO, content of the samples are also
shown. The dioritic to quartz dioritic granulites have very similar REE
patterns and abundances. They are not depleted in the HREE and show only
slight LREE enrichment as expressed by the (Lay/Yb,) ratios a little over 6.
From both averages a slight positive Eu_anomaly is apparent (Eu/Eu* c. 1.1).
The patterns are in many ways very similar to the Scourian granulite, but the

latter is significantly more LREE enriched {La,/Yby ¢.15) than the dioritic
100

sample / chondrite

< §7+70 A G87—-138 x GB7-128 v Scourie

Figure 4.16. Chondrite normalized REE plot of the Nordlandet granulites
together with the average Scourian granulite.
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gneisses. in comparison to the dioritic granulites the tonalitic sample G87-
136 shows significant depletion in the HREE, greater LREE fractionation
{Lay/Yby = 14} and a distinctly more positive Eu anomaly (Eu/Eu* = 1.7).
The trondhjemitic granulite has an even greater positive Eu anomaly {(c. 4},
and LREE fractionation than the other granulites {La,/Yb, €.35).

Weaver and Tarney (1980a) argued that if LILE depletion in granulites
was due to their removal via a partial melt this would be reflected in a
decrease in the Ba/Sr ratio of the residual granulites as Ba partitions more
readily into the melt phase compared to Sr. The fresh Nordlandet granulites
have a median Ba/Sr ratio of 0.73 (range 0.44 to 1.25), while the median
Ba/Sr for the dioritic type-NUk gneisses is 0.64. This, coupled with the fact
that the dioritic NOk gneisses do not show the depletion in LILE that the
granulites display, is considered fairly strong evidence against depletion of

the LILE via a partial melt phase.
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Figure 4.17 Sr vs Ba for the Nordlandet granulites and dioritic type-Nak
gneisses {+).
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Geochemical Effects of Retrogression
Rehydration of the Nordlandet granulites was accomplished by one of
two mechanisms, namely:
- expulsion of hydrous fluids from granitic magmas producing
retrogressed aureoles
- generation of shear zones that acted as conduits for fluids.
Both mechanisms resulted in a significant increase in the alkali metals K, Rb

and Cs, and the actinides U and Th in the retrogressed granulites.

4.3 Geochronology and isotope systematics
4.3.1 Zircon geochronology

Samples G87-67 and G87-70 were processed and zircons separated
for U-Pb geochronology. Both samples were extremely fertile and produced a
large fraction of high quality, non-magnetic zircons, many of which were
> 100 mesh size. Examination of the sized bulk, non-magnetic-zircons
quickly showed that there were two zircon populations, one light pink in
colour, and the other a slightly darker red colour. In many instances zircons
displayed readily identifiable cores and rims. As with a number of the type-
Nik gneiss zircon populations, the cores were light pink in colour, and the
rims darker. The light pink coloured zircons, in addition to forming cores,
occurred as large, broken, irregular fragments; while the darker zircons were
generally euhedral and displayed with low aspect ratios {Figures 4.18 and
4.19).

Zircon overgrowths on pre-existing zircons are accepted as
morphological evidence for the metamorphic growth of zircon. As mentioned
by Heaman and Parrish (1991}, in their review of U-Pb geochronology of
accessory minerals, such overgrowths are particularly common, though not
restricted to, granulite-facies rocks. In addition to rims on pre-existing

zircons, a distinct metamorphic zircon population may also form. Heaman
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Figure 4.18 Zircons from the Nordlandet granulite G87-70. a) irregular
fragments (scale = 100 gm), b) abraded and picked (scale = 0.5 mm).
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Figure 4.19 Zircons from the Nordlandet granulites a) G87-70, abraded
b) G87-67, abraded and picked (oblique lighting, scale = 0.5 mm).
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and Parrish {1991} suggest that a general indicator of the metamorphic
origin of zircons is their equant, multifaceted, and relatively round
morphology (vs. the generally more needle-like, orthogonal, by-pyramidal
magmatic zircons with a high aspect ratios). They cite an example in which
the igneous zircons are large, clear, anhedral fragments while the
metamorphic zircons are predominantly clear, multifaceted, equant grains.
This description perfectly describes the zircon populations from the
Nordlandet granulites (and to a lesser degree from the type-Ndk gneiss, G87-
148}. The U content of the igneous and metamorphic zircons described by
Heaman and Parrish were essentially the same, but, the Th content of the

metamorphic zircons was less than that of the igneous ones.

4.3.1.1 lon microprobe U-Pb analyses

Various sized fractions of the least magnetic (= 1.8 A, 0.5° slope)
zircons from G87-67 and -70 were mounted in epoxy resin and polished for
SHRIMP U-Pb analyses. The ion probe data are presented in Table 4.1 and
shown graphically in Figure 4.20 in the more familiar Concordia diagram.

Combined core analyses from both samples gave an age of 3193 *
7 Ma (20), while analyses of rims from G87-70 gave an age of 3014 x= 7/
Ma (20).

4.3.1.2 Small sample U-Pb analyses
For the chemical U-Pb zircon analyses aliquots of the non-magnetic,
> 100 mesh, pink and red zircons were generally abraded, before final
picking under alcohol, and weighing and cleaning. The U-Pb results are listed
in Table 4 and shown graphically in a Concordia diagram in Figure 4.21.
Pink core-material zircons from G87-67 gave a slightly discordant
{minimum of 0.9%) %’Pb-?°Pb age of 3174 Ma, while one aliquot of
similarly prepared ‘core’ zircons from G87-70 gave a concordant age of

3153 Ma, and a second aliquot from the same sample gave a slightly
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Figure 4.21 Concordia plot of conventional U-Pb zircon analyses from G87-

67 and G87-70.
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discordant (minimum of 0.4%) **’Pb-?°°Pb age of 3143 Ma. Analysis of an
aliquot of the ‘rim’ material zircon from G87-70 gave a discordant 2°7Pb-
205ph age of 3012 Ma (minimum degree of discordancy = 2.0%). It is
interesting to compare the U and Th concentration data, together with the
Th/U ratios, of the Nordlandet zircons determined by conventional chemical
and purely instrumental SHRIMP analyses with the zircon analyses from the
type-Nik gneisses G87-112 and G87-149. Samples G87-112 and G87-149
also display rims and cores, even though they have apparently only been
metamorphosed to upper amphibolite-facies grade. The comparison shows
that in each of the three examples the U content of the metamorphic zircons
is greater than the magmatic ones. The increase is between a factor of 3
and 4. Thorium shows variable behaviour. In some instances there is an
increase in Th from the magmatic to metamorphic zircons, while others
show a decrease. In all cases, however, the Th/U ratio decreases from the
magmatic ta metamorphic zircons. In regard to these data certain questions
come to mind, including:
- where does the U incorporated in the metamorphic zircons
come from?
- why was U incorporated in metamorphic zircons (either as
rims on preexisting zircons, or as a separate zircon
population} instead of being removed (particularly
in the case of the Nordlandet granulite sample}?
- given the similar ionic radii and identical charge of U
and Th why was Th not incorporated by the metamorphic
zircons to the same extent as U?

Unfortunately the metamorphic reactions that give rise to zircon
generation are poorly understood. Breakdown or recrystallization of Fe-Ti
oxides, clinopyroxene, hornblende, or even existing crystals of zircon may
release Zr during recrystallization. It is important to note that many of the

zircons forming cores in the Nordlandet granulites show evidence of
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corrosion and may record the existence of a melt or fluid phase. In the case
of the granulites, it is possible that a felsic melt fraction was produced
during granulite-facies metamorphism. In the initial stages of its formation
this melt may not have been able to escape because it amounted to less
than the critical meit fraction and criginally remained trapped or enciosed in
the protolith. This would give both the opportunity for the residue to
equilibrate with the melt phase, and time for the melt phase to begin to
possibly corrode existing zircons. As temperatures and/or pressures began to
decrease a new generation of zircons began to crystallize forming rims
around pre-existing zircons, as well as separate population of metamorphic
zircons. Given the extremne depletion of the LILE in the granulites, if originally
present, the melt phase must have escaped from the norites and quartz
norites.

The U-Pb results show that the amphibolite-facies type-N0k gneisses
are not lower-grade equivalents of the Nordlandet granulites. The granulites
being ca. 150 Ma older than the type-Nik gneisses. Prior to this study there

were no known ¢. 3.2 Ga ages on high-grade gneisses of the region.

4.3.2 Whole-Rock Isotope Systematics
4.3.2.1 Lead-Lead
Whole-rock lead isotopic data for granulites (plus a plagioclase
separate} from the Nordlandet peninsula, are given in Table 4.2 together
with available whole-rock U and Th concentration data. In addition to the
samples collected by the author, there are analyses of a number of samples
(supplied by Lee Riciputi) that were collected from west-central Nordlandet.
The *7Pb/?*Pb and 2°°Ph/*°**Pb data for just the dioritic gneisses (that
show little or no retrogression) and the plagioclase separate from G87-67
are plotted in Figure 4.22. An errorchron fitted to the data gives an age of
3029 + 46 Ma (20}, MSWD = 29.0 (n=16). This age is within error of the
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presumed age of granulite-facies metamorphism based on the ion microprobe
analyses of zircon rims {3014 = 7 Ma, 20), the slightly discordant
conventional zircon analysis which gave a 2°’Pb/*°®Pb age of 3012 Ma, and
the Pb-Pb age of 3000 = 70 Ma (20} determined by Taylor et a/., {1980) on
granulites from western Nordiandet. The effect of sample 341938, with its
extrem.zly radiogenic Pb, on the regression analysis is apparent when the
data are processed excluding this sample. The resultant age of 3325 + 210
Ma {20), MSWD = 20.2 {n=15) does not overlap the errorchron age
described above at the 95% confidence level. In fact, the ‘age’ more closely
approximates the presumed age of protolith formation {3193 = 7 Ma} as
opposed to the metamorphic event.

Including the trondhjemitic {G87-129}, tonalitic (187-136), granitic
{(LR-341976), and clinopyroxene-rich (ultrabasic ?} {LR-341971) gneisses
with all of the other granulites of dioritic composition gives an errorchron
age of 3005 + 36 Ma, (20} IMSWD = 31.0, (n=20)]. The radiogenic cpx-
rich sample, supports an age of metamorphism close to 3 Ga in agreement
with sample LR-341338.

It may be questionable to include rocks of such diverse composition to
determine an isochron. Field relations suggest that tonalitic and trondhjemitic
gneisses are younger than the dioritic gneisses, and the granitic gneisses still
younger. The ultramafic and supracrustal gneisses appear to be older than
the dioritic gneisses. However, as demonstrated by their depletion in the
LILE, the enderbites {G87-129, -136) underwent granulite-facies
metamorphism. if Pb homogenization took place during the granulite-facies
metamorphism, then the history of the rocks prior to that time should have

no effect on the Pb-Pb isochron age of granulite-facies metamorphism.
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4.3.2.2 Rubidium-Strontium

For the same reason that the majority of the granulites display
unradiogenic Pb compositions, the Sr isotopic composition of the granulites
is invariably most unradiogenic. Dioritic sample G87-138 is unique in its
extreme LILE depletion. As a result the sample has a very low 8Sr/®%Sr ratio
(0.70148), as well as a Pb signature not unlike the much older Amitsoq
gneisses. Taking the date of granulite-facies metamorphism as 3.0 Ga then
the enderbite G87-136 (with a measured ®’Sr/®*¢Sr ratio of 0.70192 and
87Rb/®®Sr ratio 0.0031) had a ®'Sr/®Sr,, of 0.70018. This value almost falls
within the 25 % confidence limits of the source evolution of tonalites and
trondhjemites (Peterman, 1979). This does not take into consideration the Sr
evolution from the time of protolith formation to granulite-facies
metamorphism. Similar to the U-Th-Pb isotopic system, the Rb-Sr system
has undergone at least a two-stage history - from protolith formation until
the time of granulite-facies metamorphism and from cessation of granulite
facies metamorphism until the present. Tonalitic type-Ndk gneisses show a
wide range in 8Rb/%Sr from ¢. 0.104 to 0.704. If it is assumed that the
initial ®’Rb/%%Sr of the igneous precursor of G87-136 was also in this range
{and probably at the lower end of the range as the higher values give initial
Sr ratios < BABI}, one can calculate that the initial ®’Sr/®°Sr ratio was c.
0.7000. Peterman {1979) showed that it would be difficult to discriminate
between granitoid rocks derived by partial melting of low ®’Rb/®°Sr source
rocks soon after the formation of the source rocks and granitoid rocks
produced directly by the partial melting of mafic oceanic crust. Both would
have low ®'Sr/®éSr,_., ratios. Similarly, because the time between the
protolith formation and granulite-facies event was so short, it is not possible
to use the mantle-like 87Sr/®®Sr, ratio calculated for G87-136 to discriminate
between a mode of origin by a two-stage mantle derivation, or a three-stage
history involving partial melting of iow Rb/Sr dioritic (?) lower crustal

material during granulite facies metamorphism. if the LILE were lost by
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partial melting of the precursors of the norites and quartz norites, then it is
difficult to imagine that the enderbitic gneisses G87-136 and G87-129 are
the products, because they also show extreme LILE depietion. Consequently,
little age information can be extracted from the Rb-Sr system.

Those samples that suffered noticeable retrogression are readily
identified on the basis of their higher concentrations of Rb and U, increased

Rb/Sr ratio, and more radiogenic ' Sr/®%Sr, compared to the fresh granulites.

4.3.2.3 Samarium-Neodymium

Whole-rock Sm-Nd isotopic data were determined for the majority of
the granulite samples collected by the author and samples supplied by Lee
Riciputi from west-central Nordlandet. The measured Sm, Nd concentration
data and **3Nd/"**Nd and **’Sm/"**Nd ratios are presented in Table 4
together with the parameters associated with Sm-Nd isotopic systematics.

The "Nd/"**Nd and '*’Sm/"**Nd data are plotted in a conventional
isochron diagram in Figures 4.24 and 4.25. In Figure 4.24 only those
granulites that showed no obvious signs of retrogression are plotted, while
in Figure 4.25 all the samples are plotted. The fresh granulites give a very
imprecise age 2857 = 140 Ma (2g) with a fairly low MSWD (2.99). The
uncertainty largely being due to the restricted range of the variables. Model
ages (T and Tpume) calculated on the basis on the basis of the 0.50876
YING/*Nd initial ratio are 2985 Ma and 3120 Ma, respectively. Due to the
large uncertainty associated with the regression, the significance, if any, of
the 2.96 Ga date is uncertain, though it is within error of the assumed age
of the granulite-facies metamorphism. Samarium-Nd mineral analyses of
plagioclase feldspar. clinopyroxene, orthopyroxene, and apatite separated
from G87-67 displayed a large amount of scatter and indicated an age
significantly younger than either the age of protolith formation or age of the
granulite-facies event. A similar disparity was found by Humphries and CIiff
{(1982) who determined a Sm-Nd mineral isochron date of 2.49 Ga for the
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Scourian granulites; a date that is significantly younger than the time when
granulite-facies metamorphism ceased (2.68 + 0.06 Ga, Chapman and
Moorbath, 1978} or the presumed age of protolith formation (c. 2.92 Ga)
(Hamilton et a/., 1976; Whitehouse and Moorbath. 1886). Humphries and
Cliff (1982} explained this as a result of re-equilibration of the REE on a
grain-size scale after the peak of granulite-facies metamorphism. This may
equally apply to the Nordlandet granulites.

All the analyzed granulites (retrogressed and fresh) are plotted in Figure
4.25 and give an errorchron age of 2770 + 260 Ma (20) [MSWD 21.7]. The
initial ratio of 0.50890 corresponds to an &g,z 0f -2.6.

Most of the granulites have Sm-Nd model ages greatly in excess of
their conventional and ion microprobe U-Pb zircon ages. In an attempt to
explain this difference it was considered worthwhile to speculate on the
isotopic consequences of the formation and removal of a partial melt during
granulite-facies metamorphism. Assuming that the precursors of the
Nordlandet granulites were originally quartz-dioritic to tonalitic in
composition then partial melting of such rock-types would result in Nd
partitioning preferentially into the melt over Sm. This would cause the
Sm/Nd ratio of the residue to increase. Consequently, the Sm-Nd system will
have a '2-stage’ history. On an ¢y, vs T diagram the trajectory of the
protolith will decrease to a lower slope in e-T space to compliment the partial
melt fraction. Therefore, caiculation of a Ty age’ involves extrapolation
back along the second-stage Sm/Nd ratio for a residuum resulting in
intersection with the DM curve at an older age than would have been
achieved if the rocks had only a ’single-stage’ history {excluding partial
melting of the source of the dioritic rocks). It can be assumed that model
ages for the partial melt fraction will give erroneocus results too because a}
DM mantle was not its immediate source and b} it too will have suffered a 2
stage history and the trajectory will be overly steep, giving an excessively
young age Arndt and Goldstein {1887). Graphic analysis of this idea failed 10
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produce model ages greater than about 100 Ma older than the U-Pb age of
¢.3.2 Ga, interpreted as the age of the protolith. Nelson and DePaolo {1985)
suggested that the maximum error in a Mode! age due to fractionation of the
f Sm/Nd was equal to the change in f Sm/Nd * difference in age between
the protolith and the fractionating event. They suggested a delta f Sm/Nd of
0.2 as a reasonabie upper limit, and given the difference in the protolith and
granulite-facies event as 200 Ma, the maximum error would be about 40
Ma.

A number of Sm-Nd studies in granulite-facies rocks have shown REE
mobility {e.g., DePaoclo et a/., (1282}, Black and McCulloch (1987),
Whitehouse (1988)). Consequently, Sm-Nd models ages from granulites
should be treated with caution, and the few 3.5 Ga ages calculated here

may have no geological implication for the involvement of older crust.

4.4 Discussion
4.4.1 Origin of Granulites

In recent years the origin and geochemical character of granulites has
increasingly become of interest. The geochemical and isotopic
characterization of the deeper parts of the Earth’s continental crust is
fundamental to our understanding of the formation and evolution of the
crust as a whole. In comparison to the upper continental crust the
composition of the lower crust is poorly known {Taylor and MclLennan,
1985). As a result neither the bulk composition of the continental crust, nor
models of crust-mantle evolution which depend upon a knowledge of this
bulk crust composition, are well constrained. This lack of knowledge is in
part a consequence of the relative rarity of exposed lower crustal rocks.

On the basis of the high temperatures and pressures commonly
displayed by granulites {e.g., > 0.6 Gpa and > 700°C as determined by
geothermometry and geobarometry) they are widely considered to be

representative of the lower crust. As such, determination of the chemical
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and isotopic composition of granulite facies rocks, and their variability, is
essential to an understanding of crustal evolution. Samples of granulite-
facies xenoliths ({transported to the surface by volcanic eruptions) and
exposed granulite terrains (commonly found in Archaean cratons) are
currently the only means by which we may sample, and hence chemically
characterize, the lower crust. Rudnick and Presper {(1290) reported that
although there is an overlap in composition between granulite terrains and
granulite xenoliths, the latter have a median composition that is more mafic
than the former. Also, in comparing post-Archaean and Archaean granulite
terrains they found that Archaean granulites are more felsic than the post-
Archaean ones. This variability only serves to exacerbate the difficulty of
characterizing the lower crust.

A ubiquitous feature of granulites is that all have undergone some
degree of dehydration. Furtherrnore, a common geochemical characteristic of
many granutlites (though by no means universal) is their depletion in LILE
{e.g., K, Rb, Th and U). This effect was predicted and then described by
Heier (1965}, and Heier and Adams {1965), respectively. With such LILE
depletion comes a concomitant increase in K/Rb, K/U, and K/Th ratios, and a
reduction in the Rb/Sr ratio, for example. The cause {or causes) of the LILE
depletion (or lack thereof) and the resultant geochemical signatures is
controversial, and is inextricably linked to the formation or origin of
granulites. The controversy surrounding the origin of granulites was
highlighted when Moorbath {1984) mimicked and extended H.H. Read'’s
famous ccmment about granites when he stated ‘there most certainly are
granulites and granulites’. Similarly, Harley {1989) emphasised the problem
in the title of his paper ‘The origins of granulites: a metamorphic
perspective’ (this author’s emphasis}. Although a large percentage of
granulites fall within a fairly tight P-T regime {i.e., 800° + 50°C and 0.75
+ 0.1 Gpa) Harley {(1989) reported in a thorough survey of more than 90

granulite terranes that over 50 % fell outside the above mentioned range.
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This, he concluded, was a reflection of the diversity of their modes of origin.
Commonly cited modes of granulite formation {(and in some cases LILE

depletion}, include:

a). partial melting of rocks and the selective removal of H,O and the LILE
in the melt (although Fyfe, 1973 is commonly cited, Lambert {1369}
proposed the mechanism)

b).  dehydration by fluxing CO,-rich fluids through rocks

cl. recrystallization of already dry rocks.

d}. crystallization of magmas under granulite-facies conditions.

Opinion is shifting more and more towards a mode of granulite
formation driven by magmatic processes, with partial melt production being
touted as the main mechanism of dehydration {e.g., Valley {1992}, Clemens

(1992)}. Magmas could also act as a source of CQ, for dehydration (Frost
and Frost, 1989).

4.4,2 Depletion Of LILE

There are numerous examples of granulite facies rocks that are
severely depleted in the heat producing elements (U, Th, and K) and related
LIL elements. The cause(s) of this common (though not universal} depletion
has been a centre of the debate regarding granuiite formation.

The mode of formation and LILE depletion of the granulite facies rocks
of the Scourian complex in the northwest highlands of Scotland have been a
source of much debate. Some workers argue that pervasive flooding by an
externally derived fluid induced the dehydration of the rocks (e.g., Tarney
and Weaver, 1987) while others suggest that the generation and extraction
of a partial melt phase was the controlling mechanism (Pride and Muecke,
1980; Rollinson and Windley, 1980a,b).

in an attempt to elucidate the mechanism(s) of granulite formation
Cohen et a/., {(1988) carried out a detailed isotopic study of a granulite-

facies ultrabasic-basic sequence from the Scourian complex, NW. Scotland.
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They were able to demonstrate that the ultrabasic lithology showed little or
no LILE depletion, while the enclosing grey gneisses immediately adjacent to
the ultrabasics, were highly depleted in LILE. They concluded that partial
melting may have been the principal mechanism by which U and Th (and by
inference other LIL elements) wefe depleted because of the high solidus
lithologies (/.e., the ultrabasics). Riciputi interpreted sample 341971, a
clinopyroxene-rich granulite from west central Nordlandet, as possibly being
an ultramafic pod (L. Riciputi, written comm, 1290}. The Pb-isotopic
composition of this sample is extremely radiogenic in comparison to all but
one of the other granulites analyzed (Table 4.3). If Riciputi’s interpretation
regarding the protolith of LR-341971 is correct then it could be argued in the
same manner put forward by Cohen et al., (ibid.] for the Scourian granulites,
that formation and removal of a partial melt fraction resulted in the depletion
of LiL elements in the Nordlandet granulites. A problem with this hypothesis
however, is the even more radiogenic character of dioritic granulite LR-
341938, compared to LR-341971. It is also strange that this dioritic gneiss,
although depleted in Rb and Cs, is enriched in U and Th compared to the
other dioritic granulites (Table 4.3).

In an attempt to assess the possible role of a partial melt on the
depletion of the LILE the median chemical composition of the amphibolite-
facies type-NOk dioritic gneisses are compared with the those of dicritic
composition from Nordlandet in Table 4.4. Ratios of the ‘immobile’ trace
HFSE in the granulites to those in the amphibolite-facies rocks indicate a
fairly constant value at c. 0.6. A similar value is obtained for Ba, Sr, and Pb.
In comparison ratios for Rb{0.18), K (0.49), Th (0.18), and U {0.32) indicate
a decoupling of the LILE. Also apparent is the preferential depletion of Rb
over K, and Th over U. These data suggest that LILE depletion was not
effected by partial melt extraction, but that selective transport by

metamorphic fluids was responsible. This scenario is the same as deduced
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for the Scourian granulites by Weaver and Tarney (1980a) and requires low
H,0 activity fluids.

4.5 Conclusions

SHRIMP and single zircon U-Pb analyses, determined as part of this
study, have shown that the age of the protoliths of the dioritic granulites
from the eastern side of Nordlandet is 3193 % 20 Ma (2¢). Consequently,
the protoliths of the Nord!andet granulites are = 125 Ma older than the
igneous precursors of the type-NUOk gneisses. These data settle any debate
as to whether the two suites are contemporaneous in nature.

lon microprobe and conventional U-Pb small sample zircon analyses of
metamorphic zircon rims and metamorphic zircons give an age of peak
granulite-facies metamorphism at 3012 + 7 Ma. Consequently, there may
well be a genetic link between the granulite-facies metamorphism and the
intrusion of large volumes of the precursors of the type-Ndk gneisses. As
suggested by McGregor et a/., (1988) the intrusion of large volumes of
tonalitic, trondhjemitic, and granodioritic magmas into the lower to middie
crust would significantly raise the geothermal gradient and could easily
promote dehydration of existing crust.

A number of parallels can be drawn between the Scourian granulites
and those from Nordlandet. In both cases there was an extensive period of
time between protolith formation and granulite-facies metamorphism. in both
cases Sm-Nd mineral isochrons gave ages significantly younger than the
protolith of granulite-facies metamorphic event (Scourian 2.48 Ga vs 2.92
Ga; 2.82 Ga vs 3.19 Ga) Scourian event Humphries and Cliff, 1982. This
indicates that small scale requilibration of the REE occurred for a period of c.
400 Ma during cooling and excavation of the complex.

Furthermore, granulite facies rocks from the Lewisian of the NW
Highlands of Scotland, and in particular the Scourian complex, show

extreme LILE depletion, to such a degree many researchers consider them
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Table 4.4 Comparison of granulite and amphibolite-facies dioritic and
quartz-dioritic gneisses from the Akia terrane.

Nordlandet type-Niik
granulites dioritic gneisses
(n=9) (n=8)
mean lc mean ia
SiO2 56.5 & 2.0 £87.4 £ 3.6
Alg% 17.2 £ 0.5 17.8 £ 1.2
'I'iO2 0.76 £ 0.07 0.82 + 0.17
Feé% 2.13 + 0.20 1.87 £ 0.35
FeO* 5.74 * 0.53 5.06 = 0.94
MnoO 0.13 = 0.01 0.11 * 0.02
Cao 7.80 * 0.71 6.79 * 1.09
MgO 4.06 + 0.68 3.34 * 0.80
K,0 0.62 * 0.13 1.26 + 0.29
Na,0 4.40 *+ 0.17 4.75 + 0.52
PO 0.15 * 0.02 0.29 + 0.13
Mg# 0.483 * 0.025 0.467 * 0.028
Granulite

Median Median /amphibolite
Ni 63 27 2.33
Cr 102 36 3.03
Sc 21 17 1.24
v 146 136 1.07
Ba 216 344 0.63
Rb 5 32 0.16
Sr 298 541 0.55
Zr 86 133 0.65
Hf 1.7 3.1 0.55
Y 12 18 0.67
Nb 3.4 4.7 0.72
Cu °© 37 0.24
Zn 85 82 1.04
Pb 9 14 0.64
La 10 27 0.37
Ce 21 58 0.36
Nd 11 28 0.39
Sm 2.4 5.3 0.45
Eu 0.99 1.04 0.95
Tb 0.40 0.60 0.67
Yb 1.10 1.36 0.81
Lu 0.166 0.165 1.01
Ta 0.23 0.38 0.61
Th 0.29 1.6 0.18
U 0.19 0.6 0.32

major oxides in wt %, trace element concentrations in parts

per million (ppm)
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geochemically unrepresentative granulites and make no attempt to explain
their geochemistry. However, the LILE depletion demonstrated by the
Nordlandet granulites show that the Scourian granulites are not unigue in
their extreme LILE depletion. The K/Rb ratios of the Nordiandet granulites are
the largest on record for granulites, and the granulites have been depleted in
Th to a greater extent than U. Elemental data suggest that LILE depletion of
the granulites was due to a metamaorphic fluid rather than removal via a

partial melt.
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Chapter 5.
Late Granite Sheets.
5.1 Introduction

Throughout the Akia and Akulleq terranes the dioritic-tonalitic-
trondhjemitic-granodioritic gneisses are intruded by late, cross-cutting sheets
and dykes of granitic {s./.) composition. Generally, these intrusions do not
display the gneissose texture characteristic of the host rocks. In some
instances only a slight lineation can be seen in the sheets as indicated by the
orientation of biotite, for example.

As part of this study samples from seven granitic sheets/dykes were
collected for geochemical and isotopic study - five from the Akia terrane and
two from the Akulleq terrane. It was reasoned that if the sheets were the
products of the partial melting of existing felsic crust at depth they would
inherit the isotopic signature of these source rocks (Moorbath et a/., 1981).
With its characteristic unradiogenic Pb composition, it was predicted that it
might be possible to detect the sub-surface presence of early Archaean
Amitsoq gneisses from the isotopic composition of the granitic sheets (as
suggested by Taylor et a/., 1980, 1984).

As the terrane model for the region developed, the possible
significance of the granite sheets has increased. They are now considered to
have been generated during terrane assembly, and thus may provide
geochronological information with which to delimit that process {i.e., the
date of its initiation, completion, etc.). The following is a summary of the

geochemical, isotopic, and geochronologicai study of the granite sheets.

5.2 Classification

Based on their field relations and/or major element compasition, the
samples collected by the author have been divided into one of four
categaries, namely sheets that:
a} intrude type-N(k gneisses which are subdivided into:
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i} those of granitic {s.s.) composition (G87-19, -61)

if) those of trondhjemitic composition (G87-114, -115)
b) intrude known Amitsoq gneisses (in the Akulleq terrane) (G87-27, -141)
¢} intrude and cause retrogression of the Nordlandet granulites (G87-68).

Using the normative feldspar granitoid classification scheme
{O’Connor, 15885) four of the "granite’ sheets fall in the granite field, namely,
G87-19, -61, -68, and -141. Samples G87-114 and G87-115 plot in
O’Connor’s tonalite field. However, their low ferromagnesian content
(particularly GB87-115) makes this designation incorrect. They are shifted
towards the anorthite apex of the ternary diagram {and consequently into
the tonalite field) because of their high Ca0 content (Figure 5.1 and Table
5.1). Following Barker (1979} these two samples are "calcic trondhjemites’
and employing his modifications to the O’Connor classification {shifting the
tonalite-trondhjemite boundary from Ab,sAn,; to Ab,An,,) the samples in
fact, are classified as trondhjemites. Sample G87-27 piots well into the
trondhjemite field, and compares very well with Barker’s definition of
trondhjemite based on the major element composition (Barker, 1979).
Employing the igneous classification scheme devised by Debon and Le Fort
{1982) samples G87-61, 68, and 61 plot in the granite (s.s.) field, G87-12
in the adameliite field, while G87-114, 115, and G87-27 fall in the tonalite-
trondhjemite field (Figure 5.2). On the basis of the normative quartz, alkali
and plagioclase feldspar content (mesonorm calculation) and the ternary
QAP diagram G87-19, -61, -68, and -141 plot in the granite field
(monzogranite), G87-114 and -115 in the tonalite-trondhjemite field, and
G87-27 in ihe granodiorite field (Figure 5.3) (but close to the boundary with
the tonalite-trondhjemite field). That is, in essential agreement with the other
classification schemes. On the basis of the above information samples G87-
19, - 61, -68, and -141 are considered granitic {(s.s.} in composition, and
G87-27, -114, and -115 trondhjemitic. In the remainder of this thesis usage

of the term ’granitic’ or ‘granite’ sheets will be utilized when referring
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Anorthite

A Tonalite

B: Granodiorite
C: Adamelite
D: Trondhjemite
E: Granite

Albite Oithoclase

Figure 5.1 Normative feldspar granitoid classification of the granite sheets

(after O'Connor, 1965)
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Table 5.1 Elemental data for the granitic sheets.

G87- 19 114 115 27 61 141 68 MM
5io2 73.46 74.85 76.70 71.42 74.95 70.76 74.20 76.5
Tio2 0.17 0.15 0.05 0.14 0.05 0.10 0.09 0.1
Al203 14.64 14.75 14.10 16.45 14.13 15.84 14.35 12.9
Fe203 0.34 0.27 0.10 0.34 0.11 0.27 0.22 -
FeO 0.78 0.62 0.24 0.79 0.25 0.63 0.50 1.1
MnO 0.02 0.01 0.01 c.02 0.01 0.0 0.01 -
MgO 0.25 0.29 0.08 0.42 0.01 0.21 0.06 0.1
Ca0o 1.58 3.22 2.86 2.30 1.17 1.10 1.13 0.7
Naz20 4.01 4.62 4.78 5.71 3.49 3.18 3.48 3.8
K20 4.22 0.69 0.55 1.86 5.31 7.36 5.44 4.7
P205 0.04 0.01 0.00 0.04 0.00 0.02 0.02 -
Mg# 28.6 37.8 29.5 40.6 5.0 29.4 13.2 -
Cr 2.6 3.6 - 1.2 - - 1.8 -
Ni 10 7 8 il 8 8 8 -
Co 1.82 2.28 0.93 1.75 0.35 1.10 l.62 -
Sc 2.65 4,24 0.52 1.59 0.51 1.05 0.74 -
v 15 13 23 2 4 14 10 -
Cu 6 18 le 9 9 8 39 -
Pb 22 16 15 38 30 44 26 -
Zn 21 20 11 31 10 20 13 -
Rb 96.25 1l6.81 8.21 59.72 96.41 173 106 -
Cs 0.48 0.47 0.17 0.98 0.29 1.99 0.16 -
Ba 900 286 219 223 673 2132 2024 -
Sr 204.0 640.6 510.7 421.4 217.6 248 322 -
Ta 0.24 - 0.02 0.23 0.02 0.30 - -
Nb 4.4 0.5 0.5 3.1 1.1 4.0 1.0 -
Hf 2.93 3.09 5.42 2.60 1.98 0.85 3.10 -
Zr 101 113 161 100 49 43 98 -
h 4 & 1 1 5 2 4 4 -
Th 7.48 2.48 6.05 3.93 4.48 1.70 22.0 =
U 0.56 0.38 0.67 0.48 0.51 G.48 1.20 -
Ia 20.6 5.99 13.6 14.2 5.27 3.69 35.4 -
Ce 34.1 10.6 26.5 27.3 9.06 6.47 61.2 -
Nd 1z.18 4.43 10.61 9.49 3.25 2.63 19.72 -
Sm 2.14 0.61 1.48 1.60 0.52 0.49 2.64 -
Eu 0.55 0.57 0.61 0.45 0.40 0.77 0.48 -
Tb 0.24 - 0.10 0.15 - 0.1c 0.16 -
¥Yb - - - 0.18 - - 0.16 -
Lu - - - - - - 0.02 -
K/Rb 364 343 553 25% 458 353 426 -
Rb/Sr 0.472 _0.026 0.016 0.142 0.443 0.698 0.329 -
Ba/Sr 4.41 0.45 0.43 0.53 3.09 8.60 6.29 -
Th/U 13.4 6.53 9.03 g.19 8.78 3.54 18.2 -
K/Th 467% 2323 751 3935 9847 35960 2053 -
K/U 62500 15160 6780 32220 86500 127400 37630 -

MM - minimum melt composition (White and Chappell, 1977)
oxides - weight %, trace elements - parts per million (ppm)
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Figure 5.2 Granite sheet classification after DeBon and Le Fort (1982).
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to the sheets collectively, ‘granitic (s.s.) sheets’ will be used when
specifically referring to the samples G87-19, -1, -68, and -141, and
‘trondhjemitic sheets” when referring to G87-27, -114, and -115. As shown
below (and in Table 5.1} the distinction between the two groups is

particularly apparent when one examines the Rb/Sr and Ba/Sr ratios.

5.3 Geochemistry
5.3.1 Major element composition

The silica content of the granite sheets ranges from 70.8 to 76.7 wt
%, there being no obvious difference between the silica content of the two
groups.

Compared to the trondhjemitic sheets the granitic (s.s.) sheets are
readily identified by their elevated K,0 and lower CaO content. In some
cases the K,O content of the granitic (s.s.) sheets is more than a factor-of-
ten greater than that of trondhjemitic sheets G87-114 and -115.

The major element composition of the granitic {s.s.} sheets (Table 5.1}
closely resembles the minimum melt composition reported by White and
Chappeli {1977) and suggests these rocks were generated by partial meiting
of pre-existing crustal material.

When plotted on a Na-K-Ca ternary diagram the granitic {s.s.) sheets
plot in, or close to, the field for samples of the Qorqut granite {taken from
McGregor, 1979) (Figure 5.4}. Available petrological, geochemical, and
isotopic evidence unequivocally supports a crustal anatexis origin for this
granite complex (e.g., Moorbath et a/., 1981). On the H,0 saturated pseudo-
ternary Or-Ab-Qtz system the granitic {s.s.) sheets plot close to the ‘granite
minimum’ (Tuttle and Bowen, 1958). The shift of samples towards the albite
apex is indicative of increased Py, (Luth et a/., 1964). The fact that the
trondhjemitic sheets plot well away from the granite minimum suggests they
formed at greater temperatures than required to produce a minimum melt.

Sample G87-141 is a little unusual with its high K,0 content which causes it
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Figure 5.5 Granite sheets plotted on the pseudo-ternary Q-Ab-Or system.
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to be shifted towards the orthoclase apex of the ternary diagram.

5.3.2 Trace element chemistry

As expected, the granitic sheets contain very low levels of the
transitional elements Cr, Ni, Co, Sc, and V (Table 5.1}. In comparison 1o the
type-N{k gneisses the granitic {s.s.) sheeis and G87-27 are enriched in the
alkalies. The trondhjemites G87-114 and -115 have low alkali contents
(excepting Na}). A number of the granitic sheets have Rb/Cs ratios that range
between average upper and lower crustal values (30.3 and 53, respectively},
while others have exceedingly high values (200 - 660). The ratios for the
trondhjemitic sheets are all low. The highest vaiue is for the granitic (s.s.)
sheet, G87-68, that intrudes and locally causes retrogression of the intruded
Nordlandet granulite. This is likely a reflection of the trace element content
of the source material. Increased depleticn of Cs relative to Rb is common in
intermediate- to high-pressure granulites (Rudnick and Prepser, 1920).

Again, Pb and Ba concentrations in the granitic sheets are higher than
in the type-NUk gneisses, and as found with the gneisses, show a strong
positive correlation with increasing K-content suggestive of K-feldspar
control.

All of the granitic sheets have K/Rb ratios falling between the vaiues
for average upper {252} and lower (533) continental crust (Taylor and
McLennan, 1985}, or very close to them. The Rb/Sr ratios of the granitic
(s.s.) sheets are much greater than found in the trondhjemitic sheets (Table
5.1); this is also the case for Ba/Sr, and is again likely a reflection of K-
feldspar control.

With the exception of the G87-141 (a granitic (s.s.) sheet that
intrudes known Amitsoqg gneiss) the sheets have Th/U ratios = 6.5 {range
6.5 - 18.3), which are significantly higker than the crustal average (3.8) due
either to Th enrichment and/or U loss. The K/U ratios for the sheets are,

with the exception of G87-114 and -115, far greater than the assumed
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crustal value of 10,000. A number of the granitic (s.s.} sheets have ratios
significantly greater than 58500, the average value for Archaean granulites
(Rudnick and Presper, 1980) - e.g., G87-141 has a ratio of 127400! Sample
G87-141 also has a K/Th ratio (at ca. 36000) significantly greater than the
suggested crustal average of ca. 2630, while the remaining samples are
within a factor of 2 to 4 of this average.

Unlike granulites, the granitic sheets show a strong positive
correiation between K/U and K, indicative of a mineralogical control i.e., K
fixed in K-feldspar (Figure 5.6}. Although there is more scatter in the data, a
similar relationship and interpretation is indicated by K/Th vs K (Figure 5.7).

Given the similar chemical behaviour of U and Th during magmatic
processes and the elevated Th/U ratios for all the samples (excepting G87-
141) the extreme K/U ratics must reflect source rock composition. As for
G87-141 it intrudes Amitsoq gneisses of the Akulleq terrane and as stated
earlier the Amitsoq gneisses at the mouth of Ameralik fjord underwent
granulite-facies metamorphism at ca. 3.6 Ga which left the gneisses
extremely impoverished in U and Th. Partial melting of such a source would
produce a granitic melt enriched in K, but still relatively poor in U and Th
because of their extreme depletion in the source material. Consequently, the
very high K/U and K/Th ratios observed in G87-141 would result,

5.4 Geochronology and Isotope systematics
5.4.1 Uranium-lead zircon analyses

Zircons were separated from three of the seven granitic samples. One
sample {G87-19) was analyzed using the SHRIMP, the other two {G87-114
and GB7-27) were analyzed using the single-bead method described in
Appendix 3 and TIMS.
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5.4.1.1 lon Microprobe results

The ion microprobe analyses of a bulk, non-magnetic zircon aliquot
from G87-19 were of a reconnaissant nature only. Analyses showed a
mixed-age zircon population (Figure 5.8) with some Qorqut-aged zircons
(ca. 2.5 Ga), inherited early Archaean Amitsoqg-aged zircons {ca. 3.6 Ga) and
NoOk-aged zircons (ca. 3.0 Ga). In addition, a single discordant analysis fell
on a discordia joining 3.6 Ga and 2.5 Ga. This is possibly an inherited
Amitsoqg-aged zircon that suffered Pb-loss during the partial melting event
that produced the granitoid. Alternatively, it is possible that this represents
an example of a fourth zircon population, aged ca. 3.2 - 3.4 Ga (compare
with the U-Pb zircon resuits for the type-NOk gneisses).

The results suggest that sample G87-19 is part of the Qorqut granite
complex {Moorbath et a/., 1981) and like the Qorqut granite was generated
by the partial melting of a mixed source comprised of Amitsoq and NGk

gneisses.

5.4.1.2 Conventional U-Pb zircon results

Sample G87-114 was picked from the least magnetic zircon fraction
(= 1.8 A, 0.5°)} but was not abraded. The sample of G87-27 used for
analysis was a large non-magnetic, "polished’ bu/k sample weighing
162.4 ug. The results of the conventional U-Pb analyses of these samples
are shown in Figure 5.9 and Table 3.5. As can be seen G87-27 is
particularly discordant {minimum discordancy of 35%) and has a 2°’Pb-2°°Pb
age of 3.38 Ga. The trondhjemitic sheet shows a small degree of
discordancy (minimum of 3.9 %}, and gives a minimum 2°’Pb-2%6Pb age of
2791 Ma.
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Figure 5.9 U-Pb concordia diagram for samples G87-114 and G87-27.
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5.4.2 Whole-rock isotopic analyses
5.4.2.1 Lead-Lead

Whole-rock common-lead results for the granitic sheets, together with
their Pb, Th and U concentration data (determined by XRF, DNC, and INAA,
respectively), are listed in Table 5.2. When plotted on a *’Po/***Pb -
208pp/208ph or 2%8Pn/204Ph - 2°°Pb/2%*Pp diagram (not shown) the data show a
high degree of scatter indicating different (and possibly mixed) sources and
ages.

As discussed in Chapter 3 the Amitsoq gneisses are characterized by
extremely unradiogenic Pb compositions, and very low U and Th concent-
rations. Consequently, any rocks derived by partial melting of such source
material would inherit this depleted signature. Depending upon the
enrichment of U, Th and Pb in the partial melt {(controlled by the degree of
partial melting, concentration of U, Th and Pb in the source rock, the
accessory minerals present, etc.) and the age of the meiting event, the Pb
isotopic composition of granitoid rocks could retain a time integrated
unradiogenic Pb isotopic signature.

Samples G87-27 and G87-141 intrude known Amitsoq gneisses {from
the Akulleq terrane) and have 2°°Pb/2**Pb and °’Pb/***Pb ratios significantly
less than 13.0 and 14.0, respectively, that are indistinguishable from typical
Amitsoq gneisses {mean 2°Pb/?**Pb = 12.30 + 0.58, **’Pb/**’Pb = 13.40
+ 0.18, 10, n=230, see Chapter 3). However, of sixty-nine type-Ndk gneiss
whole-rock Pb isotopic measurements {(determined in the course of this
study) only six samples have 2°°Pb/*°*Pb ratios < 13 (and of those most are
anly barely so), and none of the sixty-nine samples have 207pp j/204pp ratios <
14. Thus, the Pb isotopes suggest that these two granitic {s.s.) sheets were
derived solely, or in large part, by anatexis of Amitsoq gneiss-like crust.

Where a crustal melt is derived from a mixed source (e.g. Amitsog and
type-Nak gneisses) the situation will not be so clear cut. The unradiogenic

Pb signature derived from the Amitsoq gneiss source component will likely
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be ‘diluted’, particularly as the type-Ndk gneiss component increases. The
ion microprobe data for G87-19 clearly shows a mixed Amitsoq and Ndk
gneiss source for this sheet, and that it is probably genetically linked to the
Qorqut granite. Using Pb isotopic data Moorbath et a/., {1981) estimated
that the relative proportions of Amitsoq and N(k gneiss contributing to the
formation of the Qorqut granite ca. 40 and 60 %, respectively; while
Collerson et al., (1989) calculated contributions of 53 and 47 %,
respectively based on a few Sm-Nd data. It would therefore be feasible to
produce the Pb isotopic composition determined for G87-12 by mixing
Amitsoq and NUk gneiss Pb in about equal amounts.

Sample G87-68, a granite sheet (s.s.) from Nordlandet, has a
particularly radiogenic 2°Pb/***Pb ratio (44.764), and elevated *°°Pb/***Pb
and 2°7Pb/%°*Pb ratios compared to the other granitic sheets. This is readily
explained by the sample’s elevated Th concentration and high Th/U ratio. On
the basis of the Nordlandet granulite Th/U, K/Th, and La/Th data for example
(see Chaﬁter 4}, it was concluded that the granulites were preferentially
depleted in Th compared to U. If the depletion was caused by removal of the
LILE in a fluid or partial melt phase then this phasz would have had a Th/U
ratio > 3.8, be enriched in both Th and U (plus other L!LE), and would over
time, develop radiogenic Sr and Pb compositions relative to the residuum. !f
LILE depletion was effected by extraction in a partial melt one would expect
that the U and Th concentration data and Pb isotopic characteristics of G87-
68 would strongly resemble the solidified melt. This suggests that there may
be a genetic link between the granite sheet, GB7-68 and granulite-facies
metamorphism. Alternatively, it may be possible to produce a geochemical
and isotopic characteristics of GB87-68 by a very small degree of partial
melting (0’Nions and McKenzie, 1988} of the already depleted granulite

sometime after granulite-facies metamorphism.
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5.4.2.2 Rubidium-Strontium

During partial meiting Rb preferentially partitions into the melt
compared to Sr. Consequently, the time integrated 875r/%8Sr ratio of the
continental crust is far greater than that of the mantle, or low Rb/Sr lower
continental crust. As a result granitoids derived by partial melting of
continental crust (particularly ancient continental crust) generally have Sr
isotopic compositions considerably more radiogenic than those derived by
partial melting of oceanic crust or the mantie wedge.

Rb-Sr isotopic data for the granite sheets are presented in Table 5.2,
together with various model ages. High precision 87Rb/%Sr ratios, determined
via mass spectrometry isotope dilution, were determined for four of the
seven samples. For the other samples less precise ®’Rb/*°Sr ratios were
calculated on the basis of the Rb and Sr concentrations determined by XRF
and their 8Sr/%°Sr ratio determined by TIMS.

The granitic (s.s.) sheets show elevated *’Rb/*°Sr and 87Sr/%®Sr ratios
suggesting involvement of a source with an elevated Rb/Sr ratio, e.g.,
continental crust. The trondhjemitic sheets, however, have Rb-Sr
characteristics very similar to the type-NGk gneiss trondhjemites.

Uniform reservoir and depleted mantle model ages were caiculated for
the granitic sheets based on both the measured and caiculated 87Rb/%°Sr
ratios. Given the uncertainty in the measured parameters {particularly for the
XRF calculated 87Rb/%Sr ratios) the differences between the two models are
negligible. With model ages of ca. 4 Ga it is again clear that G87-27 was
derived from early Archaean Amitsoq-like material with little or no
contribution from younger other sources. At ca. 3.2 Ga the model ages for
G87-141, are much younger than expected if this sample was also derived
largely from Amitsoq gneiss material, and suggests either a significant
contribution from younger material and/or the ¥’Rb/?°Sr ratio calculated from
XRFE data it is unreliable. As the model ages for those samples in which the

87Rb/88Sr ratio was both measured and calculated agree within 0.1 Ma it is
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not felt that the ®’Rb/®*°Sr ratio for G87-141 is likely to be significantly in
error. Model ages for G87-61 suggests Nik-like material was the major
contributor to this sheet, with minor if any contribution from Amitsoq-aged
material. Sample G87-68, which intrudes the Nordlandet granulites, gives a
model age of ca. 3.0 Ga, much younger than the protolith age of the
granulites (ca. 3.2 Ga) and with no indication of contamination by early
Archaean crust. For the trondhjemitic sheets (G87-114 and -115) the model
Sr ages are meaningless as their ®’Rb/®°Sr ratios are equal or less than those

of the model reservoirs.

5.4.2.3 Samarium - Neodymium

Measured whole-rock "**Nd/"**Nd, and "*’Sm/'**Nd ratios, together
with Sm and Nd concentration data for the granitic sheets and various model
parameters, are listed in Table 5.2.

The influence of significantly older, LREE-enriched, continental crust
on the isotopic systematics of a number of the granitic sheets is apparent
from the Sm-Nd model ages which greatly exceed the interpreted formation
age of the sheets. As explained in Chapter 3, depleted mantle model! Nd
ages (Tyy,} based on the linearly changing DM of Goldstein et a/., (1984} are
preferred over DePaolo’s continucusly varying DM (DePaolo, 1981) or the
chondritic uniform reservoir Jacobsen and Wasserburg (1979) on the basis
of eNd(t) values determined for the early Archaean Amitsoq gneisses and
Isua supracrustals.

Samples G87-27 and G87-141, sheets which appear to have been
derived by anatexis of Amitsog-like material at depth, have 7, model ages
indicative of such a source (3.83 and 3.49 Ga, respectively). Tyy, model
ages for G87-19, -61, -68, -115 suggest a predominantly type-NOk gneiss
source, possibly with an early Archaean component. The T, model age for
G87-114 shows no evidence of an Amitsog-like source. Epsilong,,, values

for the granitic sheets calculated for an age of 2.8 Ga (with the exception of
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G87-19 which is calculated to 2.53 Ga based on the SHRIMP data) and are
plotted on an € vs time diagram in Figure 5.10 together with the
evolutionary field for Amitsoq gneisses and trend for type-NOk gneisses.
Clearly, G87-27 is a partial melt of Amitsoq gneiss crust, while G87-141
would appear to be a mixture of Amitsoq and Nik gneiss material. G87-68
which intrudes the Nordlandet granulites, which might at first sight appear
to be a mixture of Amitsoq and NUk material is interpreted as being derived
solely from the granulites {protolith age of ca. 3.2 Ga). On the basis of the ¢-
time plot it would appear that there was little or no early Archaean crustal
contribution to samples G87-61 and -115, and that they were derived

predominantly from pre-existing NGk gneisses. At -5.75 the €, 535, Value for

2.5 2.7 2.9 3.1 3.3 3.5 3.7
Time (Ga)

Figure 5.10 Nd evolution diagram related to the origin of the granite sheets.
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G87-19 falls on the type-Nik gneiss trajectory with no suggestion of an
Amitsog gneiss component. As the ion microprobe zircon resuits indicate
involvement of Amitsog gneiss in the genesis of GB7-19, it must be
assumed that the contribution was minor. This conclusion may equally apply
to samples G87-61 and G87-115. The ¢, value for G87-114 at 2.8 Ga
suggests a more juvenile source with the possibility of some crustal

contamination.

5.5 Conclusions

On the basis of their major element chemistry, and whole-rock Rb-Sr,
Sm-Nd, and Pb-Pb isotopic systematics, the granitic (s.s.) sheets {G87-19,
61, 68, and 141) and trondhjemitic sheet (G87-27) are considered to be
partial melts of pre-existing gneisses. The influence of Amitsoq-like source
material on the isotopic systematics of G87-27 and -141 is obvious.
However, the Pb-isotopic compositions, Nd model ages, and Sr model ages
of the remaining granitic {s.s) sheets, do not give an unequivocal answer as
to whether these sheets were derived solely from pre-existing type-N0k
gneiss-like material, or whether Amitsoq gneiss crust was involved in their
genesis. As demonstrated in Chapter 4, Nd model ages of partial melts will
invariably give ages younger than the actual time of partial melting because
of the reduced Sm/Nd ratio of the melt. It is clear from the SHRIMP zircon
analyses of G87-19 that early Archaean crust was involved in the origin of
that sample. The similarity of the Pb-isotopic composition of G87-19 and
G87-61, and their model Nd and Sr ages indicates that Amitsoq-like material
was likely involved in the genesis of G87-61 too.

If, as is believed, Amitsoq gneisses do not occur in the Akia terrane
then any isotopic evidence of their presence implies involvement after
amalgamation of the Akia and Akulleg terranes. Precise U-Pb zircon age
determinations, on G87-61 for example, would help define the timing of the

docking of the two terranes.
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CHAPTER 6
Origin of the type-Nik gneisses
6.1 Review of the origin of Archaean granitoids

Since the 1970’s a large body of geochemical evidence has amassed
suggesting that Archaean tonalitic and trondhjemitic magmas originated by
partial melting of basic crust (e.g., Arth and Hanson, {1972); Arth and
Barker (1976); O'Nions and Pankhurst (1978); Jahn et a/., (1981}). The
extreme HREE and Y depletion displayed by many Archaean gneisses initially
fed many workers to suggest residual garnet was the cause of the depletion.
Measurement of HREE partition coefficients between hornblende and dacitic
liquid (Arth and Barker, 1876} prompted consideration of depletion by
residual hornblende in partial melting and fractional crystallization models.
REE data for Archaean acid sodic rocks are therefore widely interpreted in
terms of the partial melting of source materials such as eclogite, basic
granulite and amphibolite. Rudnick and Taylor {1986) showed that
amphibole alone is incapable of producing the fractionated LREE patterns,
and depleted HREE commonly observed in Archaean tonalites and concluded
that some garnet is required.

Early experimental partial melting studies of basalt, or its
metamorphosed equivalent {e.g., amphibolite, basic granulite, or eclogite)
performed by Green and Ringwood (1968), Lambert and Wyllie (1972), and
Helz {19786} indicated that partial melting of such starting materials could
produce melts that were broadly tonalitic in composition. The number of
experimental studies into the origin of Archaean Na-rich granitoids
blossomed in the late 1980’s and early 1920's (Beard and Lofgren {19889,
1991), Rushmer (1991}, Rapp et a/., (1991), Winther and Newton (1991),
Wolf and Wyllie, 1981). Some of these and earlier studies did not use
starting materials representative of Archaean basic crust, i.e., they were
generally enriched in K,O compared to suggested examples of Archaean

basic crust, and hence may not be applicable to Archaean granitoid genesis.
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Where remedied in later studies melts of tonalitic composition were
invariably produced. Trondhjemitic melts were also generated in a number of
experiments. It is important to note that a number of the melts identified by
Rapp et a/. (1991} as being tonalitic in composition are actually
trondhjemitic, and similarly some identified as trondhjemitic were in fact
tonalitic! The mistakes appear to have been caused by dependence on the
O’'Connor (1965) normative feldspar classification scheme with little regard
or no regard to the overall bulk chemistry.

6.2 Possible modes of formation of the type-NGK gneisses

Two commonly cited models for the origin of TTG-suites include: a)
the partial melting of a mafic source material rich in hornblende and/or
garnet {e.g., Weaver and Tarney, 1980), and b) the fractional crystallization
of wet basaitic or dioritic magma (e.g., Barker and Arth, 1976; Jahn et al/.,
19288). It would seem probable to the author that models involving some
combination of partial melting with subsequent fractional crystallization
would be most realistic. The presence of the Daly gap would seem to
preclude fractional crystallization of a basaltic or dioritic magma as the
source of the Ndk gneiss precursors. A number of experimental studies have
demonstrated that melts of tonalitic composition can be produced by the
partizl melting of basaltic crust (e.g., Rapp et a/.,, 1991; Winther and
Newton, 1991). Various degrees of HREE depletion could have been
produced depending upon the partial melting conditions. On the basis of REE
modelling, Rudnick and Taylor {(1986) argued that residual amphibole in the
source would be incapable of producing the fractionated REE patterns
commonly observed in Archaean tonalitic and trondhjemitic gneisses and
that some garnet would have heen necessary. The major and trace element
contents of the trondhjemitic and granodioritic gneisses are consistent with
them having been produced from tonalitic meits predominantly by

hornblende fractionation. Removal of hornblende would deplete the melt in
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the HREE, Y, and ferromagnesian elements, and enrich it in the LREE. As
hornblende has a negative Eu anomaly the melt would also develop an
increasingly positive Eu anomaly as hornblende crystallized out. Fractionation
of hornblende would also cause a significant decrease in the normative
diopside content of the melt and an increase in the alumina saturation index
(Cawthorn and Brown, 1976; Zen, 1986} uniess compensated for by the
crystallization of a phase such as plagioclase. The strong correlation of Y
and Yb with Ca0 and MnQ, coupled with the fact that there is a shift from
metaluminous tonalitic gneisses to weakly peraluminous trondhjemitic and
granodioritic gneisses suggests plagioclase fractionation was not as
significant as hornblende.

Thus, it is concluded that the precursors of the type-Nik gneiss TTG-
suite were derived by a combination of partial melting of mafic crust and
subsequent hornblende, and later plagioclase, fractional crystallization.
Garnet is believed to have been the main phase responsible for imparting the
depleted HREE character of the gneisses and implies that the depth of

formation of the melts was at least 25 km.

6.3 Summary

A straightforward model for producing the type-NUk gneiss T1G-suite
therefore includes: a) the initial partial melting of low K tholeiitic basic crust
to produce a tonalitic magma (e.g., Rapp et a/., 1981; Winther and Newton,
1991}, b) fractional crystallization of hornblende to produce high-Sr
trondhjemitic melts, while fractional crystallization of both hornblende and
plagioclase will produce a low-Sr trondhjemitic suites {more like the Amitsoq
gneisses), ¢} continued crystallization of plagioclase would lead to the
production of melts of granodioritic composition. The absence of rocks of
intermediate compositions (in the silica range 56-61%) argues against

generation of the TTG-suite by fractional crystallization of a dioritic melt.
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Chapter 7.
Summary and Conclusions.

The type-NOk gneisses of the Akia terrane are largely made up of
tonalitic, trondhjemitic, and granodioritic orthogneisses with subordinate
amounts of dioritic and quartz dioritic rocks. Whole-rock dating methods all
gave errorchrons {Rb-Sr: 2360 = 130 Ma, Pb-Pb: 3035 + 100 Ma, and
Sm-Nd: 2786 + 120 Ma, all uncertainties 20). The scatter of results is
considered to be largely due to open system behaviour promoted by intense
ductile deformation that occurs in belts, up to ca. 4 km wide, which affected
the some but not all samples. Combining the whole-rock Rb-Sr, Pb-Pb and
Sm-Nd results gives a weighted mean age of 2840 + 66 Ma (20). Given the
scatter of whole-rock analyses, this mean age agrees remarkably well with
the majority of the U-Pb zircon results for the type-NGk gneisses determined
by SHRIMP and conventional small zircon techniques. It is, however, slightly
younger and outside the uncertainty range of the older U-Pb zi;con results.

Conventional U-Pb zircon analyses, generally employing samples
weighing < 120 pg, gave results with a .ange of ages (2920 - 3040 Ma)
commensurate with the 2890 - 3065 Ma range determined by Baadsgaard
and McGregor (1981) using bulk, sized, zircon fractions from samples of
type-NGOk gneisses. SHRIMP analyses of two, least magnetic and picked
type-N0k gneiss samples gave concordant ages of 2998 = 12 Ma (20} and
3021 + 6 Ma (20). A histogram of 27Pb-2°Ph zircon ages appears to
suggest the presence of two distinct periods of intrusion of the type-NUk
gneiss precursors. Initially, a main event that peaked at ca. 3.00 Ga,
followed by a hiatus, then some minor magmatism at ca. 2.96 Ma. This
conclusion may be of limited validity due to the small size of the data set.

A Concordia intercept age, determined on metamorphic zircons for
both the Nuuk townsite and southern Bjernegen, gave an age of 2981 + 2
Ma (20), which agrees remarkably well with the age determined for the
Taserssuaq tonalite by bulk zircon analysis (2982 = 7 Ma (20), Garde et a/.,
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1985). McGregor, et al., 1986 postulated that the Taserssuaq tonalite, some
2200 km? in area, was possibly the heat source for the granulite facies
metamorphism on Nordlandet. SHRIMP U-Pb zircon analyses gave what has
been interpreted as the time of peak metamorphism on Nordlandet. At 3014
+ 7 Ma (20) this is significantly older than the age of the Taserssuaq
tonalite. A number of U-Pb zircon analyses (ir most instances from
apparently unrelated samples} from type-Ndk gneisses lie on a discordia with
an age of 3002 + 1 Ma (20) and excellent MSWD. The fact that one of the
zircon samples was obviously of metamorphic origin indicates there was
certainly a period of metamorphism at that time which was likely associated
with the intrusion of large volumes of the precursors of the type-NGk gneiss.
This event, together with the effect of the emplacement of the Taserssauq
tonalite, and the severe ductile deformation associated with the formation of
the straight belt, likely were responsible for Pb loss from many of the type-
Nok gneisses zircons and the open system behaviour of the Rb-Sr system
(and possibly Sm-Nd and Pb-Pb}.

Given their isotopic and trace element variation it is concluded that
the type-NOk gneisses are not derived from single cogenetic precursors.

The samples collected from areas within the Akia terrane mapped as
Amitsoq gneisses show no consistent geochronologic or isotopic evidence of
being early Archaean in origin. In particular, the characteristic unradiogenic
Pb isotopic signature of the Amitsoq gneisses is not evident in any of the
analyses of the supposed 'Amitsoq gneisses’ of the Akia terrane. On the
contrary, many of these gneisses show Pb isotopic compositions more
radiogenic than the bulk of the type-Ndk gneisses. Similarly, the trace
element characteristics of these gneisses do not resemble known Amitsoq
gneisses. Data from the literature, plus the small number of analyses of
known Amitsoq gneisses performed as part of this study, show that for
comparable rock compositions the supposed ‘Amitsoq gneisses’ of the Akia

terrane are poorer in Y, Pb and Nb, and richer in Ba and Sr than their
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Amitsoq gneisses ‘equivalents’. The isotopic systematics of the late-granitic
{s./.) sheets, which intrude known Amitsoq gneisses of the Akulleq terrane,
clearly indicate derivation from Amitsoq gneiss material, Thus, the
designation of rocks within the Akia terrane as ‘Amitsoq gneisses’ is
considered erroneous. Disproving the existence of Amitsoq gneisses within
the Akia terrane strengthens the tefrane model argument.

However, this is not to suggest that the Akia terrane has no grey
gneiss components clder than the type-N0k gneisses. On the contrary, the
Sr and Nd isotopic data for some of the Akia "Amitsoq gneisses’ and type-
NGk gneisses do suggest the involvement an older crustal component in their
genesis. SHRIMP zircon analyses of a sample of Akia 'Amitsoq gneiss’ gave
an indication of a crustal component ca. 3250 - 3400(?) Ma. At the
completion of this study Dr. Allan Nutman determined a 2°’Pb-**Pb SHRIMP
age of 3235 + 9 Ma (20]) (unpub. data) for zircons separated from a dioritic
gneiss collected from an area of the Akia terrane close to the Nuuk airport
that had been mapped as ‘Amitsoq gneiss’. Consequently, the isotopic
systematics of many of the Akia ‘Amitsoq gneisses’ can be explained by
their having a protolith age of ca. 3.25 Ga.

The existence of ca. 3.25 Ga crust is supported by the ca. 3.2 Ga age
determined for the precursors of the Nordlandet granulites. The exact
relationship between the granulites and the ca. 3.2 Ga 'Amitsoq gneisses’ of
the Akia terrane is at present not known. Estimates, based on geobarometry,
suggest that the exposed rock groups on either side of the Ataneq fault
could represent a difference in level of exposure of up to 10 kms.

Uranium-Pb ion microprobe analyses of zircons from Nordiandet, and
some samples from the Nuuk peninsula, demonstrate the presence of
previously unrecognized ¢. 3.20-3.25 Ga old intermediate-to-felsic crust in
the Akia terrane specifically, and the Godthabsfjord area in general. The

absence of gneissic crust of a similar age from either the Akulleq or
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Tasiusarsuagq terranes lends support to the terrane model for the
Godthabfjord area.

Recently, Schistte et a/l., (1989, 1990) reported ion microprobe and
conventional small zircon U-Pb results, respectively for zircons senarated
from rocks of the Saglek and Hopedale blocks of the Archaean Nain
Province, Labrador. An almost concordant 27Pb-?°Pb age of 3219 + 3 Ma
{20}, was reported for zircon separated from a mafic granulite of the Saglek
block (referred to as the Parkavik gneiss}, which they suggested might be
broadly correlated with the Lister gneiss {3235 + 8 Ma (2g)) from further
north. They proposed a correlation with {he Maggo gneiss of the Hopedale
block on the basis of an ion microprobe 2°’Pb-2°°Pb age of 3258 + 24 Ma
{20) determined from igneous-looking zircons separated from the "Weekes
metasediment’. The zircons were considered detrital in nature and as being
derived from early phases of the Maggo gneiss. They concluded that the
Lister, Maggo and Parkavik gneisses from Labrador and the type-N0k
gneisses of the Akia terrane belong to the same terrane (Schiotte et al/.,
{1990). At that time there was no published evidence for ¢. 3.2 Ga crust in
the Akia terrane as the SHRIMP U-Pb zircan results from Nordlandet were
not published until late 1990 (Duke et a/., 1990). Consequently, Schistte et
al., {1990) put forward SHRIMP data for two zircons from a supracrustal
from the island of Simiuta with a **’Pb-2°°Pb age of 3227 + 8 Ma {20}
(Schigtte et al., 1988). Being fairly discordant the zircons were originally
‘nterpreted as being Amitsoq grains that had suffered early Pb loss.
However, Schistte et a/., (1990) reinterpreted the results {as the analyses
became less discordant given a revision of the SHRIMP standardization
procedure) suggesting that they were derived from a Greenlandic equivalent
to the 3235 Ma Lister gneiss. A major flaw in this argument is the fact that
the island of Simiuta is part of the Akulleq terrane, and not the Akia terrane,
which they were attempting to show a correlation. However <isen the

evidence from this study of ¢. 3.2 Ga gneisses in the Akia terrane the author
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is in general agreement with the hypothesis of correlation between the
middle Archaean of Labrador and the Akia terrane of southern West
Greenland. The middie Archaean chronology of geological events for the
Saglek and Hopedale blocks is very similar to that proposed for the Akia
terrane here. The main differences between the two histories relates to the
timing of the Hopedale dykes and basic dykes of the Saglek block vs. those
found in the Akia "Amitsoq gneisses’. It is interesting to note that as the
dykes that intrude the Akia ‘Amitsoq gneisses’ were confused with the
Amcralik dykes of the Akulleq terrane the basic dykes of the Saglek block

were previously correlated with the main Saglek dykes.

Origin of the type-N{k gneisses

Since the 1970’s a large body of geochemical evidence has amassed
suggesting that Archaean tonalitic and trondhjemitic magmas originated by
partial melting of basic oceanic crust (e.g., O'Nions and Pankhurst, 1978;
Arth and Barker, 1976). The extreme HREE and Y depletion displayed by
many Archaean gnheisses initially led many workers to suggest residual
garnet in the source was the cause of the depletion. Measurement of HREE
partition coefficients between hornblende and dacitic liquid (Arth and Barker,
1976) prompted consideration of depletion by residual hornblende in partial
melting and fractional crystallization models. Rudnick and Taylor {1986)
showed that amphibole alone is incapable of producing the fractionated LREE
patterns and depleted HREE observed in Archaean tonalites and conciuded
that some garnet is required.

in the late 1980’s many experimental petrologists turned their
attention to the generation of low K, Archaean tonalitic and trondhjemitic
magmas. Melting experiments of low K tholeiite under a wide variety of
conditions resulted in the generation of tonalitic or trondhjemitic melts. One
may confidently assume that the production of the rock-types of the TTG-
suite therefore involves partial melting of low K tholeiitic oceanic crust to
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produce a tonalitic magma (e.g., Rapp et a/.,, 1991; Winther and Newton,
1891). Fractional crystaliization of hornblende from such a magma will
produce a high Sr content trondhjemite, while fractional crystallization of
both hornblende and plagioclase will produce a low Sr trondhjemite. Further
crystallization of plagioclase will lead to the production of rocks of
granodioritic cemposition. The absence of rocks of intermediate composition,
in the silica range 56-61%, suggests that fractional crystallization from a
melt more basic than tonalite is improbable. Similarly, major oxide variations
within the tonalite-trondhjemitic-granodioritic gneisses appears more
continuous than when the dioritic and quartz dioritic gneisses are included.

The development of the terrane model for the Godthébsfjord region
signalled the demise of the Taylor et a/., (1980) crustal contamination model
based on the N0k gneisses. T: ~ main principle of the model was that the
type-NOk gneisses suffered ve .ble amounts of early Archaean, Amitsoq
gneiss crustal contamination during intrusion. Proving the absence of Akia
‘Amitsoq gneisses’ demonstrates that any contamination of the type-NQk
gneisses that might have occurred had to have done so after the
juxtaposition of the Akia and Akulleq terranes. Assembly of these two
terranes is inferred to have cceurred about 2750 Ma. Consequently, the
various isotopic systems would have had some 250 Ma to evolve prior to
contamination. McGregor et al., (1986) stated that the sample base utilized
in Taylor’s study was of a mixed-aged and inciluded some post-2800 Ma
gneisses that were likely partial melts of Amitsoq gneiss material,

In demonstrating the absence of early Archaean gneisses from the
Akia terrane this study has verified the integrity of the terrane, and as such
lends support to the terrane model for southern West Greenland. Whether
the similarities between these Archaean terranes and those of Phanerozoic
and Proterozoic age, can be extended to the driving mechanism, /.e., plate-
tectonics, is still a matter for conjecture. However, more and more evidence

suggests that some form of plate-tectonic process, albeit of a rudimentary
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nature, must have operated in the Archaean. Differences between mid- to
early-Archaean and modern plate-tectonic processes are probably related to
the greater heat generation in the early- and mid-Archaean. This likely
manifested itself as either a} rapidly moving young plates, showing an
increased rate of subduction {probably at shallower angles than occur today)
and direct melting of the subducting slab vs present-day mantle wedge, or b}
greater ridge length, hence smaller plates than at present, moving more
slowly than in (aj.

The existence of distinctive terranes in the Archaean is strong
evidence for some form of Archaean plate-tectonic process {Nisbet, 1987).

The exact relationship between the granulites of Nordlandet and the
amphibolite-facies type-NGk gneisses and Akia terrane ‘Amitsoq gneisses’ is
unclear. At the north of Godthébsfjord there appears to be a prograde
amphibolite- to granulite-facies grade boundary. However, the Taserssuag
tonalite, dated by a U-Pb zircon Concordia intercept at 2982 + 7 Ma, and
the effects of retrogression and later deformation have largely obscured the
original prograde boundary. Sample G87-152, from northwestern Sadels,
has granulite-facies geochemical characteristics.

As a consequence of this study a refined Archaean chronology of the

Akia terrane is proposed and is reported in Table 7.1.
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Table 7.1. The Archaean Geochronology of the Akia Terrane.

2.53 Ga Qorqut granite complex formation NNE-SSW trending straight-belt
formation with associated intense ductile deformation spanning the
period of Qorqut granite complex formation.

2.66 Ga Intrusion of the Qarusuk dykes.

ca. 2.75 Ga Amalgamation of the Akia and Akulleq terranes (continent-
continent collision) with associated granite sheet intrusion.

2.98 Ga Intrusion of the Taserssuaq tonalite {and large granodioritic bodies,
such as are found on eastern Bjgrnegen) with associated meta-
morphism of earlier NGk gneisses (e.g., southern Bjerneeen) and
related zircon growth and Pb-ioss of pre-existing zircons.

3.06 - 2.94 Ga intrusion of type-NiUk gneiss precursors - early phases
accompanied thrusting and interleaving of the type-N(k gneiss
precursors and the ‘Malene’ supracrustals. The deformation declined
somewhat by the time the 2.98 Ga Taserssuaq tonalite and similar
bodies were intruded. Possible relationship between magma intrusion
and the 3.01-3.02 Ga granuiite-facies metamorphism on Nordlandet,

ca. 3.1 Ga (?} Formation - deposition of "Malene’ supracrustal precursors,
i.e., tholeiitic basic crust (pillow lavas, pyroclastics, etc.},
anorthosites, and deposition of sediments.

ca. 3.15 Ga (?) intrusion of basic dykes (mistakenly identified as older
Ameralik dykes of the Akulleq terrane}.

3.20-3.25 Ga intrusion of the precursors of the Akia terrane ‘Amitsoq
gneisses’ and voluminous Nordlandet dioritic equivalents (?).

pre-3.25 Ga Formation - deposition of supracrustal sequence of pelitic
metasediments, ultrabasic and basic rocks, gabbro-anorthosites, and

minor skarns occurring on Nordlandet.
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APPENDIX 1.
Sample Codes, Rock-types, Locations, and Grid References.

_ The identification code, rock-type, descriptive location, and grid reference
of each sample analyzed in this study is listed below. Exceptions include the
samples designated G86-9nn. These samples were kindly collected and
supplied by V.R. McGregor for study. In lieu of grid reference co-ordinates for
these samples a more detailed description of the sample location is given.

The rock-type deignation is based on a variety of criteria including:

a) O’Connor’s (1965) granitoid classification scheme based on normative
feldspar content {with modifications by Barker (1979).

b) major element chemistry (e.g., trondhjemite definition, Barker (1979)).

¢) quasi-modal QAP classification based on major element chemistry
(Kalsbeek and Petersen, 1974; Streckeisen, 1973}

d) Dubon and Le Fort {1982} P-Q classification (which uses two parameters
Q (Si/{3-(K + Na + 0.667Ca)) and P (K - (Na + Ca)})) found in the
PC-based programme NEWPET.
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Sample Rock-type Location Pasition
Code N w
G87-1 granodioritic NGk gneiss By airport 64 11'16" 51 40’'45"
G87- 2 trondhjemitic Nk gneiss By airport 64 11'16™ 51 40"45"
G87-3 trondhjemitic NGk gneiss By airport 64 11°16" 51 40'45"
G87 -4 trondhjemitic Nik gneiss By airport 64 11'16" 51 40°45"
G87-5 granodioritic NOk gneiss By airport 64 11°16" 51 40°45"
G87 -6 ? amphibolite in gn By airport 64 11'16" 51 40’45
G87-10  ? amph/gabbro gn By runway 64 11°'25™ 51 40'45"
G87 -12  trondhjemitic Nik gneiss N end of runway 64 11'583" 51 40°'44"
G87 - 13 trondhjemitic Niik gneiss N end of runway 64 11'563" 51 40'44"
G87 - 14  trondhjemitic NGk gneiss By runway 64 11'24™ 51 40'46"
G87-15  trond/granodioritic Airport road 64 11°35" 51 41'23"
G87 - 16  qtz-dioritic Nk gneiss Airport road 64 11'27" 51 41'40"
G87 - 17  qtz-dioritic N0k gneiss Airport road 64 11'33" 51 41'48"
G87-18  qtz-diorftonalitic NOk gn Airport road 64 11°33" 51 41°'49"
G87 - 19  granitic gneiss Airport road 64 11'33" 51 41'49"
G87 - 20  granodioritic Nk gneiss Airport road 64 11'33" 51 42°00"
G87 - 21 leucotonalitic Nk gneiss Airport road 64 11'25" 51 42'07"
GB7-22  tonalitic NGk gneiss Airportroad T 64 11'09% 51 42'37"
G87 - 24  tonalitic/trondj Nik gn Town road 84 11°11" 51 43'02"
G87-25 low Al trondh’ Amitsoq gn Angissunguaq 64 04°26™ 51 45'51"
G87 - 27  ?trondh’ gn in Amitsoq gn Angissunguaq 64 04'33" 51 46'35"
G87 - 34  tonalitic Nik gneiss Pularqavit 64 04°47" 51 47'49"
G87 - 35  trondhjemitic Nk gneiss Tartinguaq 64 07°10" b1 43'43"
G87 - 36  tonalitic Nk gneiss Tartinguaq 64 07°10" 51 43'43"
G87 - 39  dioritic Ndk gneiss Tartinguaq 64 07'12" 51 45'13"
G87 - 40  dioritic/tonalitic Nik gn Tartinguag €64 06'51" 51 46'54"
GB7 - 42  tonalitic NGk gneiss Tartinguaq 64 0G6'51™ 51 46’54"
G87 - 43  tonalitic Ndk gneiss Tartinguaq 64 06'57" 51 46°36"
G87 - 44  trondhjemitic Nik gneiss Hundeo aw 64 07'39" 51 46'45"
GB7 - 45  trondhjemitic lkkatoq gn NE-side Nuuk pen’ 64 12°36" 51 29'49"
G87 -46  trondhjemitic Ikkatog gn NE-side Nuuk pen’ 64 12'42" 51 31'02"
G87 - 47  granodioritic Ikkatoq gn NE-side Nuuk pen’ 64 12'53" 51 31'30"
GB87 - 57  granodioritic NGk gneiss Pipe-line traverse 64 12°21" 51 41'36"
G87 - 58  trondhjemitic Nk gneiss Pipe-line traverse 64 12°18" 51 41'34"
G87 - 59 77 tonalitic Nik gneiss Pipe-line traverse 64 11°13" 51 42'24"
GB87 - 60  trondhjemitic Nik gneiss Pipe-line traverse 64 11°13" 51 42/24"
G87 - 61.  granitic sheet Pipe-line traverse 64 11°'13" 51 42'24"
GB87 - 64  trondhjemitic Amitsoq gn Rypeo 64 06'561™ 51 42’'38"
GB7 - 67  dioritic gran {qtz norite) Nordlandlet 64 11'46™ 51 50'33"
G87 - 68  granitic sheet Nordlandlet 64 11'46™ 51 b0'33"
G87 - 69  retro‘dioriticiqtz norite) Nordiandlet 64 11'46" 51 50'33"
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Sample Rock-type Location Position

Code N w
G87 - 70  dioritic gran (qtz norite) Nordiandlet 64 12'28" 51 50'56"
G87 - 72 tonalitic Amitsoq gneiss Ugujarssuit
G87 - 78 trondhjemitic Amitsoq gn Qorqut
G87 - B0  granodioritic NGk gneiss S'rn Store Malene 64 08'38" 51 41'05"
GB87 -85 qtz-dioritic NOk gneiss S'rn Store Malene 64 09'13" 51 41'4%"
G87 - 86  tonalitic Ndk gneiss S'rn Store Malene 64 09'36" 51 41'36"
G87 - 87  tonalitic Ndk gneiss S'rn Store Malene 64 09'57" 51 41'12"
G87 - 88  trondhjemitic NGk gneiss S‘rn Store Malene 64 10'06" 51 41'09"
G87 - 89a trondhjemitic Nk gneiss S’rn Store Malene 64 10°19™ 51 40'53"
GB7 - 89b qtz-dioritic Nk gneiss S'rn Store Malene 64 10°19™ 51 40°53"
GB7 - 90  tonalitic NOk gneiss A’port road quarry 64 11'35" 51 41'16"
G87 - 91 gtz-dioritic NGk gneiss A’port road quarry 64 11'35" 51 41'16"
G87 - 92  tonalitic NOk gneiss A’port road quarry 64 11'35" 51 41'16"
G87 - 93 grano/trondhj NOk gneiss A’port road quarry 64 11'35" 51 41°16"
GB87 - 24  granoftrondhj Nk gneiss Building area road 64 11'25" §1 43°06"
G87 - 103 trondhjemitic NGk gneiss Marina 64 10°30" 51 43°00"
G87 - 111 trondhjemitic Ndk gneiss Marina 64 10°30" 51 43'00"
G87 - 112 qtz-dioritic Nk gneiss Nuuk beach 64 10'00" 51 45’22"
G87 - 113 tonalitic NOk gneiss Nuuk beach 64 10°'00" 51 4522"
GB7 - 114 trondhj/grano’ Nk gneiss Nuuk beach 64 10°'00" 51 457227
G87 - 115  trondhj/grano” Nik gneiss Nuuk beach 64 10°'00" 51 45'22"
G87 - 116 trondhjemitic N{k gneiss S'rn Sadelo 64 15'42" §1 36'69"
G87 - 118 dioritic NGk gneiss S'rn Sadelo 64 14’34 51 37'00"
G87 - 120 trondhjemitic Ndk gneiss S'rn Sadelo 64 14’34 51 37°00"
G87 - 121 trondhjemitic N{k gneiss S‘rn Sadelo 64 14'33" 51 36°28"
G87 - 122  trondhjemitic NGk gneiss S’rn Sadelo 64 14'30™ 51 36°08"
G87 - 123 tonalitic NGk gneiss S'rn Sadelo
G87 - 124 tonalitic Nk gneiss S’'rn Sadelo
G87 - 127 granitic gneiss N coast Nuuk pen’
G87 - 128 dioritic granulite(norite} Nordlandlet 64 11'61" 51 54'22"
G87 - 129 trondhj’ gran {(enderbite) Nordiandlet 64 11'51" 51 54227
G87 - 130 dioritic gran 2.5m(norite) Nordiandlet 64 11'51" 51 54°22"
G87 - 131 dioritic gran T m (norite) Nordlandlet 64 11'51" 51 54'22"
GB7 - 133 retro’ granulite wt shear Nordlandlet 64 11'61" 51 54'22"
G87 - 135 dioritic gran (qtz norite) Nordlandlet 64 11'40" 51 56'09"
G87 - 136 tonalitic gran {enderbite) Nordlandiet 64 11'40" B1 56'09"
G87 - 137 dioritic gran’ sl ret QN Nordlandlet 64 11'40" 51 56'09"
GB7 - 138 dioritic gran’ sl ret QN Nordlandiet 64 11'40" 51 56'09"
G87 - 139 dioritic gran’ wt sm shear Nordlandlet 64 11'40™" 51 56'09"
G87 - 140 granodioritic Amitsoq gn Napassulik?
GB7 - 141 granitic sheet in GB87-140 Napassulik?
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Sample Rock-type Location Pasition

Code N w
G87 - 142 trondhjemitic N(k gneiss Napassulik?
G87 - 143 mylonitic shear zone Napassulik?
G87 - 144 trondhjemitic NGk gneiss SW. Bjernegen 64 22'24" 51 23'38"
G87 - 145 granodioritic Nik gneiss SW. Bjgrnesen 64 22'24" 51 23'38"
GB7 - 146 trondhjemitic NGk gneiss SW. Bjernesen 64 22'11" 51 23'60"
G87 - 147 trondhjemitic Ndk gneiss SW. Bjerneeen 64 21°'66" 51 21'65"
G87 - 148 qtz-dioritic Nik gneiss SW. Bjernesen 64 21'55" 51 21'65"
G87 - 149 qtz-dioritic Nik gneiss SW. Bjernegen 64 21'556" 51 21'55"
G87 - 150 tonalitic NGk gneiss N coast Sadels 64 20'57" 51 25'54"
G87 - 151 tonalitic Nk gneiss N coast Sadele 64 20'50" 51 26°18"
G87 - 152 qtz-dioritic Nk gneiss N coast Sadele 64 20'46" 51 26’34
G87 - 153 trondhj/grano’ Nk gneiss N coast Sadele 64 20'46" 51 26'34"
G87 - 154 granodioritic NGk gneiss N coast Sadele 64 20'41" 51 27'26"
G87 - 1568 trondhjemitic Ikkatog gn Hjerataken
G86 - 964 trondhjemitic NGk gneiss
(G86 - 865 trondhjemitic Nk gneiss
(GB6 - 966 trondhjemitic N{k gneiss
G86 - 968 trondhjemitic Nk gneiss
G86 - 969 trondhjemitic NOk gneiss
G86 - 970 granodioritic Nfik gneiss
G87 - 41 Nk gneiss wt amphibolite Tartinguag 64 06'51" 51 46'64"
G87 - 54 metasedimentary(?) gneiss NE-side Nuuk pen’ 64 12'53" 51 31'64"
G87 - 66  metasedimentary(?} gneiss Rypeo 64 06°36" 51 42'15"
G87 - 73  plag’ amphibolite dyke Ugujarssuit
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APPENDIX 2.
ANALYTICAL METHODS

Sample Preparation

Rock samples collected in the field varied in size from 3 - § kg hand
specimens for whole-rock isotopic and chemical analysis to ca. 20 kg for zircon
and whole-rock analysis. A Cobra BBM 47L rock drill (Atlas Copco, Stockholm)
with feather and wedges, was used to collect the large samples. Generally,
when using the drill, two sets of holes were drilled. The first set was used to
remove the weathered surface of the exposure, and the second set to release
the sample. Other weathered surfaces were removed largely in the field, with
additional, minor removal being performed in the rock crushing laboratory.

For thin-sections slabs were cut parallel and perpendicular to the gneissic
fabric. The remaining material was broken into small fist-sized pieces weighing
approximately 500 g which were passed through a coarse steel jaw-crusherand
then through by a fine jaw-crusher to produce small rock chips 4 - 5 mm in
size. For the large ¢. 20 kg samples a representative sample for geochemical
analysis {weighing ca. 400 g) was taken from the initial coarse jaw crushed
material by repeated quartering. This whole-rock sample was passed through
the fine jaw-crusher following crushing of the larger subsample. The
subsamples for zircon separation were ground using a Bico rotary mill with
stainless steel plates. Great care was taken to prevent cross contamination of
samples. The crushing and grinding equipment was rigorously cleaned and
closely inspected between samples. When samples for zircon separation were
being prepared, an attempt was made to process them in batches that were
inferred from field evidence to be of similar age {/.e., if at all possible probable
Ndk gneisses were not milled following suspected Amitsoq gneisses).

Similarly, the splits for whole-rock isotopic and geochemical analysis
were ground to < 240 mesh using a motorized agate mortar and pestle which
was scrupulously cleaned between samples, and ‘contaminated’ with an aliquot

of the sample to be ground prior to final cleaning.
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Tungsten-carbide grinding equipment was avoided because of the
problem of tungsten contamination in neutron activation analysis. Although not
determined in this study, tungsten activates readily under thermal neutron
bombardment to produce the radioisotope "W (T% = 23.8hrs). This
radionuclide emits numerous gamma-rays, many of which cause spectral
interferences with gamma-rays emitted by several other radioisotopes,

particularly those used to characterize many of the REE.

X-Ray Fluorescence Analysis

All whole-rock samples in this study were analyzed, for the author, by
X-ray fluorescence {XRF) using an automated Rigaku 3370 spectrometer at the
Depai:ment of Geology, Washington State University, under Dr. Peter Hooper’s
supervision. Twenty-six major and trace elements were determined from a
single fused bead.

Because of variations in loss on ignition {LOI}, and the variable oxidation
state of iron between unknowns and standards, the author was advised to
report and use the major oxides "normalized to 100 % with Fe as FeQ" on a
volatile-free basis" (P. Hooper, pers comm, 1988}. However, a minor variation
to this approach, using an average volatile content for normalization to 100 %,
was taken. This is discussed more fully in the section on the accuracy of the

XRF analyses.

Preparation of fused beads.

Representative aliquots of the agate-ground whole-rock powders
weighing ca. 10 g were sent for analysis. For each sample 3.5 g of rock
powder and 7.0 g of spectroscopically pure lithium tetraborate were combined
in an automatic mixer for 10 minutes. The resulting mixture was transferred to
a graphite crucible ca. 35 mm in diameter and fused (in batches of twenty-four)
in a muffle furnace for five minutes at 1000°C. Following fusion, the graphite

crucibles were removed from the furnace and left to cool. Each glass bead was
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ground in a Tema swing mill for about 30 seconds before the resulting glass
powder was returned to its graphite crucible and fused a second time at
1000°C for five minutes.

Following the second fusion the cooled beads were labelied, and their
lower flat surface ground, initially with a coarse {240) grit for about 10
seconds, and finally with a fine (600) grit for a further 10 seconds. The beads
were then ultrasonically cleaned, and dried ready for analysis.

Analysis.

Elemental concentrations of the unknown samples were determined by
comparing the characteristic X-ray intensity of each element with a calibration
curve produced from the analysis of duplicate beads of eight USGS rock-
standards of widely differing composition. The calibration standards included
United States Geological Survey (USGS) reference materials PCC-1 (peridotite),
BCR-1 and BIR-1 {basalts), W-2 and DNC-1 (diabases}, AGV-1 (andesite), GSP-
1 {granodiorite), and G-2 (granite}. Where necessary, corrections were made for
spectral interferences. During the analysis of unknowns internal standards were
run every twenty-eight samples in order to assess instrument performance and
to provide an estimate of reproducibility.

Samples were excited with primary rhodium X-rays produced by
bombarding a Rh target with electrons accelerated through a potential
difference of 50 kV and generated by a 50 mA current.

From the analysis of internal standards Hooper reports:

"For the trace elements the precision for Ni, Cr, Sc, V, and Ba is significantly
less than that obtained for Rb, Sr, Zr, Nb, Y, Ga, Cu, and Zn. This correlates
with the much lower intensities for these first five elements (measured as
cnts/sec/ppm) using the Rh tube. Some nickel in the Rh target exacerbates the
Ni precision problem. Each of the elements Ni, Cr, Sc, V, and Ba can therefore
be regarded only as semi-quantitative below the 30 ppm level. Rb, Sr, Zr, Nb,
and Y have satisfactory precisions and accuracies down to one to three parts
per million. Nb and Y could probably be measured to 0.1 parts per million.”

Hooper and Johnson, (1987).
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To assess the accuracy and precision of the XRF analyses a number of
coded replicates and standard reference materials were submitted with the two
batches of samples analyzed. The standards included four 2liquots of the GIT-
IWG Ailsa Craig microgranite, AC-E (Govindaraju, 1987), and one aliquot of
each of USGS W1 (diabase), SDC-1 {mica schist}, SCo-1 (Cody shale), and
CCRMP (Canadian Certified Reference Materials Project) SO-2 {soil).

Precision was assessed by analyzing seven aliquots of a typical thesis
sample, G87-35. Three aliquots were analyzed in the first batch of samples,
and four in the second batch, analyzed over a year later. The four aliquots of
AC-E provide additional information on precision. The XRF results for the

standards and replicate analyses of G87-35 are listed in Tables A2.1 to A2.7.

Precision

To estimate the precision of the XRF analyses it was considered
important t0 use a representative thesis sample. The rationale being that a
biased estimate of precision will generally result (particularly for trace elements)
if the material used for estimating precision contains significantly higher
concentrations of the elements of interest than those typically occurring in the
‘'unknown’ samples. Variation in the results of the multiple XRF analyses of a
sample (broadly referred to as precision, or reproducibility) has three main
components: 1) variation in the stability and set-up of equipment, 2) counting
statistics of X-ray generation and detection, and 3} sample inhomogeneity
(because separate aliquots of a larger sample were analyzed in this case}. The.
fine grain size (< 240 mesh) of the rock powder, coupled with the 3.5 g used
for each analysis, should render the third factor insignificant. Thus it is
apparent, all other factors remaining equal, that the greater the concentration
of an element the better the counting statistics, and the less significant the
second component will be to the overall precision of an analysis. Consequently,
although four aliquots of the geostandard AC-E were included in the XRF
analyses (largely to evaluate the accuracy of the metiz:od), it is considered that
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Table A2.1 Results of multiple XRF analyses of G87-35.

(1) (2) (3) (4) (5)
Unnormalized results (weight %) :-
SiO2 74.04 73.95 73.82 71.97 72.05
A%é% 16.24 16.29 16.17 15.73 15.82
T10, 0.187 0.185 0.186 0.194 0.189
FeO* 1.16 1.15 1.34 1.16 1.16
Mno 0.024 0.023 0.021 0.023 0.022
Cao 2.26 2.26 2.24 2.23 2.23
MgO 0.4¢ 0.38 0.33 0.28 0.29
K0 1.97 1.97 1.97 1.85 1.96
Na,0 5.72 5.72 5.72 5.59 5.58
P,0 0.055 0.054 0.052 0.061 0.057
Total 102.06 101.98 101.65 99.198 99.36
Normalized oxides (weight %)

_ (1)  (2)  (3) (4) (8) (&) (7)
510, 72.16 72.13 72.23 72.17 72.13 72.37 72.03
Alé% 15.83 15.89 15.82 15.77 15.84 15.75 15.99
TiO2 0.182 0.180 0.182 0.195 ¢.189 0.182 0.188
FeO* .13 1.12 1.12 1.16 1.16 1.09 1.15
MnoO 0.023 0.022 0.021 0.023 0.022 0.022 0.022
Cao 2.20 2.20 2.19 2.24 2.23 2.22 2.23
MgO 0.32 0.37 0.32 0.28 0.29 0.29 0.39
KéJ 1.%2 1.%2 1.93 1l.96 1.96 1.82 1.95
Na,o 5.57 5.58 5.60 5.61 5.59 5.58 5.45
Pé% 0.054 0.053 0.051 ¢.061 0.057 0.058 0.058
Normalized to 100 % assuming LOI of 0.534 %
Total Fe exXpressed as FeO¥

(1) (2) (3) (4) (5) (6) (7)
Ni 8 g 2] 11 S 10 8
Cr 1 0 0 0 8] 0 0
Sc 0 0 3 l 0 2 0
v 11 12 12 2 0 13 12
Ba 835 B6l 834 786 813 810 829
Rb 4% 48 48 48 48 46 49
Sr 667 667 667 645 657 662 660
Zr 129 128 129 126 127 124 126
Y 3 3- 3 2 4 4 4
Nb 0.6 0.8 0.0 4.7 3.9 2.3 3.3
Ga -- - - 16 1% 19 1%
Cu 3 4 6 7 4 5 4
Zn 41 41 42 38 42 42 42
Pb 23 20 21 20 is 21 18
La 7 12 13 15 34 25 7
Ce 47 45 43 35 36 30 33
Th 6 4 5 6 5 5 9

(6)

72.80
15.84
0.183
1.10
0.022
2.23
0.29
1.93
5.61
0.058
100.06

Mean
(n=7)
72.17
15.84
0.19
1.13
0.022
2.22
0.33
1.94
5.57
0.058

(7)

72.61
16.12
0.150
1.16
0.022
2.25
0.39
1.97
5.49
0.058
100.26
SD cv
(%)
.16 0.13
.07 0.47
.01 2.62
.02 2.12
.001 3.90
.02 0.73
.05 13.54
.02 0.92
.05 0.90
.002 5.89
SD cv
(%)
1.1 312.7
0.3 244.9
1.1 131.2
5.0 56.8
2.0 2.7
0.9 1.9
7.4 1.1
1.7 1.3
c.7 21.3
1.7 75.3
1.3 7.1
1.3 27.1
1.4 3.3
1.5 7.3
5.2 57.0
6.0 15.7
1.5 26.0

Trace element concentrations in parts per million (ppm)
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the seven aliquots of G87-35 give a better estimation of the precision of the

XRF analyses, particularly for the trace elements measured.

Major and minor elements:

The excellent precision for the major element determinations, as indicated
by the small coefficient of variations for the analyses of G87-35 (Table A2.1),
is noteworthy. Except for MgO {which occurs at minor element levels in this
sample) and FeO*, variations are significantly less than 1 percent for all the
major elements. At 1.14 wt % the FeO* content of G87-35 is low and poor
counting statistics are probably the cause of the greater variation displayed by
the FeO* data. In a general sense this inference is supported by the much
smaller variation in FeO* displayed by the quadruplicate analyses of AC-E
(Table A2.2). This standard contains 2.25 wt % FeO* and the coefficient of
variation is <0.5%. The precision obtained from G87-35 for the minor oxides
MnO and P,0; is more than satisfactory for most applications. The analyses of
AC-E give variations of < 1.3 % for all the oxides except MgO ard P,05. The
poorer precision for the minor oxides is likely a consequence of poor counting
statistics because of the soft nature of characteristic X-rays of Mg and P,
coupled with their very low levels (Mg0 = 0.03 wt %, P,0; = 0.014 wt %]}.

Although an analysis of variance was not performed on the means of the
two batches of G87-35 data, a cursory examination of the oxide determinations

shows no significant differences between the two groups.

Trace elements:

As noted earlier the precision for the transitional elements Ni, Cr, Sc, and
V is poor at low concentrations. This observation of Hooper’s is strongly
supported by the G87-35 data (Table A2.1).

From the analyses of G87-35 the precision for the trace elements Rb, Ba,
Sr, and Zr is in the 1 - 3 % range; for Pb, Zn, Ni, and Ce it is less than 16 %,
and for Y, Cu, and Th less than 30 %. A notable irregularity is the imprecision
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displayed by Nb. Examination of the two batches of data show a significant
difference in Nb concentrations and suggests that an important modification
was made to the analysis procedure for Nb (possibly interference correction) at
some time between the analysis of the two batches. The implications of this

change are discussed in the following section on the accuracy of the XRF trace
element analyses.

Accuracy

Major and minor elements:

Tables A2.2 to A2.7 list the measured and recommended elemental
concentrations for the geostandards AC-E, W-1, SDC-1, SCe-1, and SO-2. In
one column (B) the measured data are normalized to 100% on a volatile-free
basis. In addition, using the recommended LOI for each standard (range: 0.31
% to 11.17 %, Govindaraju, 1989), the oxides have been recalculated to 100
% incorporating the LCI data (column C}. As can be seen this results in a
significant improvement in the agreement between the measured and
recommended values, particularly for those samples which have a high loss on
ignition {(e.g., SO-2 and SCo-1). The author did not determine the LOI for the
one hundred and thirty samples analyzed in this study, however, because the
LOI! for felsic igneous rocks is commonly < 1 % it is likely that this correction
is an unnecessary refinement, which would have a visible effect only on the
major oxides e.g., silica and alumina. McGregor et a/. (1986) reported whole-
rock XRF analyses and LOI determinations, for eight representative type-Nak
gneisses. The silica content of these samples ranges from 51.65 to 71.76 wit.
% (comparable to the range exhibited by the gneisses of this study} while, for
the same set of samples, LOI varies between 0.49 and 0.61 wt. %, with a
mean of 0.5634 + 0.049 (10). It should be noted that there is no correlation
between silica content and LOI in these analyses. Consequently, this author felt
justified in normalizing the measured major and minor oxides of this study to
100 % assuming a fixed LOI of 0.534 wt % throughout.
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Table A2.2 X-ray fluorescence results for Ailsa Craig microgranite, AC-E.

sio2
A1203
'I'io2
FeO*
Mno
cao
MgO
K,0
Na,O
P,0g
LOI
Total

Aliquot

(&) (B)
71.91 70.71
15.48 15.22
0.111 0.109
2.30 2.26
0.061 0.060

0.38 0.37
0.02 0.02
4.56 4.48
6.87 6.76

c.007 0.007

10L.7 10G.0

Aliquot

(A) (B)
72.07 70.79
15.36 15.09
0.112 0.110

2.29 2.25
0.060 0.059
0.38 0.37
0.00 0.00
4.56 4.48

6.97 6.85
0.011 0.011

101.8 100.0

(1)
(C)
70.45
15.17
0.109
2.25
0.060
0.37
0.02
4.47
6.73
0.007
0.37
100.0

(3)

(C)
70.52
15.03
0.109

2.24
0.059

0.37

0.00

4.46

6.82
0.011

0.37
100.0

Aliquot

(A)
72.08
15.59
0.110
2.28
0.062
0.38
0.05
4.56
6.92
0.009

102.0

(a)
70.48
15.00
0.115

2.26
0.060
0.36
0.00
4.53
6.79
0.013

99.6

(B)
70.64
15.28
0.108
2.23
0.061
0.37
0.05
4.47
6.78
0.009

100.0

Aliquot
(B)
70.76
15.06
0.115
2.27
0.060
0.36
0.00
4.55
6.82
0.013

100.0

(A) - measured valuyes (weight %), unnormalizd
(B) - data normalized to 100 % on a volatile-free basis
(C) - data normalized to 100 % including literature 1OI
(D} - recommended values (Govindaraju, 1987, 1989)-
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(2)

(C)
70.38
15.22
0.107
2.23
0.061
0.37
0.05
4.45
6.76
0.009
0.37
100.0

(4)

(€)
70.50
15.00
0.115

2.26
0.060
0.36
0.00
4.53
6.79
0.013
0.37
100.0

(D)
70.35
14.70
0.11
2.28
0.058
0.34
0.03
4.49
6.54
0.014
0.37

(D)
70.35
14.70

0.11

2.28
0.058

0.34

0.03

4.49

6.54
0.014

0.37



Table A2.3 X-ray fluorescence results for trace elements in AC-E.

Mean
Aliquot: (1) (2) (3) (4) (n=3) (n=4) (Lit)
Ni 17 17 18 19 17 19 1.5
Cr 1 0 0 1 0.3 0.5 3.4
Sc i 0 0 0 0.3 0.0 0.11
v 0 3 0 0 1.0 0.0 3
Ba 95 85 80 20 87 50 55
Rb 150 . 151 150 148 150 149 152
Sr 4 4 5 3 4 4 3
Zr 667 670 668 660 = 668 664 780
Y 185 185 184 187 185 186 184
Nb 135.6 137.2 135.0  128.7 136 132 110
cu 6 6 9 5 7 7 4
Zn 207 207 208 204 207 206 224
Pb 39 38 41 31 39 36 39
La 52 70 62 65 61 64 59
Ce 171 188 188 185 182 187 154
Th 21 17 18 17 19 18 18.5
Ga - - - 44 - - 39

concentrations in parts per million (ppm)
(Lit} - recommended values (Govindaraju, 1987, 1989)
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Table A2.4

(a)
sio, 54.20
A1203 15.34
Tio, 1.091
FeO* 9.71
Mno 0.175
Ca0 11.06
MgO 6.74
K,0 0.65
Na,0 2.26
EEOS 0.127
1oI ———
Total 101.35
Ni 62
Cr 116
Sc 39
v 261
Ba 141
Rb 21
Sr 184
ir 84
Y 23
Nb 8.9
Cu 107
Zn 77
Fb 10
La 20
Ce 14
Th 2

(oxides in weight %,

(B)
53.48
15.14
1.076

9.58
0.173
10.91

6.65

0.64

2.23
0.125

100.0

(C)
53.08
15.02
1.068

9.51
0.171
10.83

6.60
0.637

2.21

0.12

0.74
100.0

X-ray fluorescence results for USGS W1.

52.55
14.99
1.07
9.77
0.168
10.%94
6.62
0.639
2.13
0.14
0.74

75
120
35
260
162
21.4
187
1060
26
8
1l4
84
7.5

10.9

23
2.4

(3) - measured data (weight %), unnormalized

(B) - normalized to 100% on a volatile-free basis
(C) - normalized to 100% including literature LOI

(D)

~ Gladney et al.,

(1983)
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0.30
0.26
0.06
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Table A2.5 X-ray fluorescence results for USGS SDC-1.

() (B) () (D)
5io, 67.88 67.38 65.97 65.85 %
Al,0, 16.37 16.25 15.91 15.75 #
Tio, 1.006 0.999 0.978 1.01
FeO* 6.48 6.43 6.30 6.29 *
Mno 0.118 0.117 0.115 0.114 %
cao 1.48 1.47 1.44 1.40 *
Mgo 1.74 1.73 1.69 1.69 *
K,0 3.34 3.32 3.25 3.28 %
Na,0 2.18 2.16 2.12 2.05 %
EEOS 0.142 0.141 0.138 0.158 *
ILOI ——— —— 2.1 2.1
Total 100.74 100.0 100.0
Ni 35 38 +
Cr 54 64 %
Sc 14 17 +
v 93 102 %
Ba 653 630 *
Rb 125 127 +
Sr 181 183 %
Zr 280 290 *
Y 42 40 £
Nb 20.6 18
cu 31 30 £
Zn 95 103 *
Pb 26 31 *
La 35 42 *
Ce 98 93 #
Th - 10 12.1 %

(oxides in weight %, trace element concentrations
(&) - measured data (weight %), unnormalized

(B) - normalized to 100% on a volatile-free basis
(C) - normalized to 100% including literature LOI
(D) - literature values (Gladney and Roelandts, 1
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Table A2.6 X-ray fluorescence results for USGS SCo-1.

5io,
A1,0,
Tio,
FeO*
Mno
Cao
MgoO
K,0
Na,0
P,0;
10T
Total
Ni
Cr
Sc

v

Ba
Rb
Sr
Zr

Y

Nb
Cu
Zn
Pb
La
Ce
Th

(&)
66.51
14.65
0.623

4.98
0.057
2.78
2.81
2.92
0.90
0.210
96.44
32
67
10
138
612
121
182
167
27
14.6
34
100
36
34
49
9

(B)
68.97
15.19
0.646

5.16
0.059
2.88
2.91
3.03
0.93
0.218

100.0

(€)
62.83
13.84

0.59
4.70
0.05
2.63
2.65
2.76
0.85
0.20
8.9
100.0

(
62.78

13.67
0.628
4.67
0.053
2.62
2.72
2.77
0.898
0.206

27
68
10.8
131
570
112
174
160
26
11
28.7
103
25
29.5
62
9.7

D)

(5 & S A T N T O A

I+

H + &+ 4+ H+ + 3+ + 4+
O & KNP W s W

I+

(oxides in weight %, trace element concentrations

(A} - measured data (weight %), unnormalized

0.66
0.21
0.065
0.33
0.004
0.2
0.18
0.08
0.062
0.021

.
o

[

4

in ppm)

(B) - normalized to 100% on a volatile-free basis

(C) - normalized to 100% including literature LOT
(D) - literature values (Gladney and Roelandts, 1988)
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Table A2.7 X-ray fluorescence results for CCRMP soil SO-2.
(&) (B) (C) (D} (E)

SiO2 57.46 61.20 54.04 53.42 53.46 * 0.49
Alg% 16.23 17.29 15.26 15.10 15.25 £+ 0.34
TiO2 1.516 1.615 1.43 1.43 1.43 £ 0.03
FeO* 7.99 8.51 7.51 7.10 7.1%5 * 0.21
MnO 0.104 0.111 0.10 0.09 .093 £ .002
Cao 2.98 3.17 2.80 2.77 2.74 * 0.14
MgO 0.91 0.97 0.86 0.89 0.89 * 0.05
K0 3.18 3.39 2.99 2.94 2.95 * 0.05
Na,0 2.74 2.92 2.58 2.48 2.56 = 0.07
P,0q 0.780 0.831 0.73 0.69 0.53 % 0.04
10T —_—— - 11.7 11.7

Total 93.89 100.0 100.0

Ni 9 8

Cr 8 12.3

Sc 13 11.3

v 65 57

Ba 1083 1000

Rb 79 77

Sr 381 340

Zr 753 760

Y 47 40

Nb 30.7 22

Cu 4 8

Zn 130 115

Pb 23 20

La 45 46.5

Ce 138 112

Th 7 3.8

(oxides in weight %, trace element concentrations in ppm)

(A) -~ measured data (weight %), unnormalized

(B) ~ normalized to 100% on a volatile-free basis

(C} - normalized to 100% including literature LOI

(D) - literature values (Govindaraju, 1989)

(E) - Steger (1983); uncertainties at 95 % confidence level
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in all cases the silica and alumina results are marginally higher than the
recommended values for the standards. However, where uncertainties (1o,
unless otherwise stated) are reported for the standards they encompass the
measured silica and alumina values in every case, except for W-1 which
overlaps at the 2o level. The largest discrepancies between recommended and
the LOI-normalized oxide values occur for iron. This is largely a consequence
of assuming the same ferrous:ferric ratio for samples as the ‘average’ of the set
of eight calibration standards. For all the remaining major and minor elements
the agreement between the LOl-corrected values and recommended values is
excellent. A singular exception is the Na,O determination of AC-E, the LOI-
normalized values being ca. 0.3 wt % higher than the preferred Na,O value
{Govindaraju, 1989). However, detailed examination of the results of the
interlaboratory study of this standard reveals that the standard deviation for the
Na,O analyses was 0.23 wt. % [n=140] (Govindaraju, 1987}, which almost
overlaps the LOI-normalized Na,O results at the 95% confidence level.

Trace elements:

The accuracy of the analyses of the standard materials display the salient
features described by Hooper earlier. The agreement between the measured
concentrations of Rb, Sr, Y, Zr, Nb, Cu, Zn, Pb, and even Th, and their
recommended values is excellent. Further testament to this can be seen in
Figure A1 where the Sr and Rb XRF concentrations of some sixty gneisses are
plotted against the concentration determined by mass spectrometry isotope
dilution (generally considered a definitive method of analysis for these
elements). The agreement between the two methods of Rb analysis is
exceptional. However, although not readily apparent from Figure A1, at levels
< 10 ppm Rb (i.e., typical of many granulites) the MSID results are considered
to be superior to those of XRF. Only one Sr determination falls significantly off
the Sr isocon.

At levels above 30 ppm the accuracy of Ni, Cr, Sc and V determinations
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Figure A1. Comparison of the XRF and MSID determinations of Rb and Sr in
thesis samples.
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is generally very good. Accuracy for Ba, La and Ce is variable. The measured
Ba values often agree with the reference concentrations at the 95% confidence
level. A number of important points become apparent when one examines the
trace element results for AC-E. Firstly, the Ni results are an order of magnitude
greater than the recommended 1.5 ppm. The previously mentioned Niimpurities
in the Rh X-ray tube explain this anomaly, and warn of the unreliability of Ni
determinations at low concentrations. Again, as emphasised by Hooper, Cr, Sc,
V, and Ba are to be considered only semi-quantitative at best when they are
present at low levels. The data obtained for the standards suggests that the
lower reliability limit for Cr, Sc, and V is about 10 ppm, and for Ba, 100-200
ppm.

When discussing the precision of the XRF analyses special note was
made of the change in the Nb values for the two batches of G87-35 analyses,
the second set of determinations being much higher than the first. Differences
between the two batches of analyses are also displayed by the Nb
determinations of AC-E (Table A2-3}. However, unlike the analyses of G87-35,
the Nb concentration of AC-E, determined in the second batch of samples, is
less than that measured for the three aliquots of AC-E in the earlier batch. Even
though there is reasonably good agreement between the Nb determinations and
recommended values for all of the standards, the author feels that the Nb
measurements are unreliable below ca. 3 - 4 ppm and that caution should be
exercised when interpreting the Nb data for the gneisses analyzed in this study.
This is particularly important when assessing negative Nb anomalies on

'spidergrams’.

Neutron Activation Analysis.
Neutron activation analysis {NAA) is recognized as a sensitive, generally
matrix independent, multi-elemental technique for the analysis of a wide variety
of materials. The principles of the method can be found in a number of texts,

but the reader is referred to DeSoete et &/., {(1972), and Erdtmann and Petri
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(1986) for particularly thorough descriptions. In the context of using the
Canadian SLOWPOKE Il nuclear reactor for geochemical analyses see Duke
(1983}. Representative aliquots of whole-rock powders, weighing
approximately 350 mg, were accurately weighed into nitric-acid washed
polyethylene irradiation vials, capped, and hermetically sealed. Samples were
irradiated for 2 hrs in batches of twelve at a nominal thermal neutron flux of 1
x 102 n cm? s at the SLOWPOKE 1l nuclear reactor of the University of
Alberta. The controlling factor on sample throughput is generally not the
irradiation of samples, but the counting of the induced radioactivity. The
gamma-ray spectroscopy of the 12 samples irradiated each week (using a
single spectroscopy system with an automatic sample changer) amounted to
four-and-a-half days.

All irradiated samples were counted using an Ortec 86cm? active volume
GEM vertical, coaxial hyperpure Ge detector, coupled to a Canberra Series 80
multichannel analyzer. The detector specifications include a relative efficiency
of 21 %, and a measured FWHM of 2.1 keV and peak-to-Compton ratio of 60:1
measured from the 1332.5 keV photopeak of ®°Co. Signals were assigned to
4096 channels (O - 1840 keV range) and the spectra accumulated were stored
on floppy disc for off-line analysis. The detector was housed in a 10 cm Pb
cave with graded shield. An automatic sample changer, built in-house, was
utilized for the analyses.

The majority of samples were also counted using an Aptec low energy
photon spectrometer {LEPS). Compared to large volume coaxial Ge detectors,
LEPS detectors, because of their small size and thin Be window, have superior
resolution and peak-to-background ratios at low photon energies (50 - 350
keV). This is particularly useful when determining of a number of the REE and
other incompatible elements such as Hf, Ta, and Th. The LEPS was a hyperpure
Ge detector, with an active area of 500 mm? and sensitive depth of 10 mm,
had a measured resolution of 525 eV at 122 kev.

After a decay period of a six days the samples were individually counted
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for 30 minutes live-time at a sample-to-detector distance of 3 cm. Following a
total decay period of ca. 21 days, each sample was recounted for 30,000
seconds live-time at a sample-to-detector distance of 1 cm. The additional
decay time permits the decay of those medium-lived radioisotopes (e.g., 2*Na)
that activate readily and generate significant background. The higher
background reduces signal-to-background ratios and thus increases detection
limits for most elements. Samples were counted on the LEPS following the
three week decay period for a minimum of 30000 seconds. From the combined
analyses, and depending upon the levels present, the elements: La, Ce, Nd, Sm,
Eu, Tb, Tm, Yb, Lu, Ta, Th, U, Ta, Hf, Ba, Rb, Cs, Sc, Co, Cr, Sb, Na and Fe
were determined. Table 2.8 gives the relevant nuclear data for the elements
determined by NAA.

Unfortunately, in many of the samples analyzed the levels of several
elements were below the detection limit of the analysis scheme. This is, in part,
a consequence of the high Na content of the majority of the samples studied,
together with very low levels of some of the trace elements present (e.g., Yb,
Lu, Ta, U, Cs}). To be statistically meaningful (e, ‘detected’} the integrated
area of a photopeak must be = 2.71 + (4.65%background}” (where
‘background’ is the integrated region under the ‘photopeak’) (Currie, 1968}.
Given the background present at a particular energy, and the sensitivity for the
element under consideration, it is possible to calculate an upper limit to the
concentration of an element which is present below the detection limit.
However, because background variation is sample specific no effort has been
made to calculate these limits and "ND’ (not detected) is recorded in the results.
A general indication of the detection limits for the elements determined by the
various INAA schemes is given in Table A2.8. These detection limits were
calculated from the various spectra obtained for samples G87-35 and G87-36.
Again the reader is cautioned against assuming these values necessarily apply
to all samples. The spectral background of each sample differs because of

variable concentrations of Na, Sc, Fe, and Co (these elements contribute
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Table A2.8 Nuclear data on elements determined by INAA.

Element  Radio- T Yy-ray Detection Scheme
Isotope (keV) Limit (ppm)*
La 012  40.27 H  1596.2 1 A
328.7 2
487.0 1
Ce “Wlece 32.38 D 145.0 0.4 B &C
Nd “NG@  10.98 D 91.1 1.2 B & C
Sm Bgm  1.948 D 103.2 0.5 A
69.7
Eu 152pn 12.7 ¥ 121.8 0.01 B & C
1408.1 0.05
Tb 160 72.1 D 86.8 0.15 B & C
1178. % 0.04
Tm 7rm 128.6 D 84.3 0.02 C
Yb 9y 30.7 D 198.0 0.1 c
Yb 15yp 4.19 D 396.3 0.5 A
Lu LN FYY 6.71 D 208.4 0.15 A
HEf Bigr 42.5 D 133.0 0.05 B & C
482.2 0.02
Ta Bpa 114.4 D 67.7 0.1 B &C
152.4 0.04
1221.4 0.03
Th B3pa 27.4 D 311.9 0.05 B & C
Rb %RL  18.63 D 1076.6 2 B
Cs Bes  2.062 ¥ 604.7 0.1 B
795.8
Ba 13¥Ba 11.5 D 496.3 3 B
Na #Na 14.96 H 1368.6 65 a
1732.2(DE) 630
Sc 4gc  83.85 D 889.3 0.02 A& B
1120.2 0.005
Co 80co  5.272 Y  1173.2 0.06 A &B
1332.5 0.12
Fe FFe 45.1 D  1099.2 50 A&B
1291.6 35
Ccr Sler 27.7 D 320.1 1 B & C
U ZNp  2.355 D 277.6 1 a
* - based on 350 mg of G87-35 (Currie, 1968)
A - 1800 s count at 3 cm geometry (coaxial detector)
B - 30000 s count at 1 cm geometry (coaxial detector)
C - 30000 to 60000 s count (planar detector)
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significantly to the background by Compton scattering) and hence will govern
the detection limit for each element.

The spectra obtained were uploaded to the University of Alberta Amdahl
mainframe computer and analyzed using Nuclear Data peak search routines.
The resulting data were then downloaded to a PC and elemental concentrations
determined using programmes written by the author. Analysis was performed
via the semi-absolute method of neutron activation analysis (Bergerioux et a/.,
1978). Accuracy of the procedure was checked by analyzing the USGS
standards BCR-1, W-1, AGV-1, BHVO-1, SDC-1, and STM-1, the results
indicate that the overall agreement between the recommended and measured

values is very good.

Uranium Analysis by Delayed Neutron Counting.

The majority of whole-rock samples studied were analyzed by the author
for their uranium content by the delayed neutron counting (DNC) method, at
the University of Alberta SLOWPOKE Il nuclear reactor. Representative ground
samples, weighing between five and eight grammes, were packed in tared 7 mL
polyethylene irradiation vials and weighed to the nearest milligram. The DNC
array consisted of 6 BF,; tubes (embedded in polyethylene) arranged coaxially
about a sample pin-stop. Employing an irradiation-decay-count scheme of 20s -

10s - 20s, at a nominal thermal neutron flux of 1 x 10" n. cm? s, gave a
sensitivity of 49.72 = 0.61 {10) cts wg’' natural uranium. Utilizing the
described scheme the detection limit {Currie, 1968} for uraniumin a 6 g sample
is 56 ppb, and a concentration of 0.25 ppm U can be determined with a
statistical uncertainty of < 10 %.

The system was calibrated using multiple aliquots of the CANMET U
standard DL-1a (U = 116 = 3 ppm, 20) and accuracy checked by analyzing
(in triplicate} the geostandards DL-1 (U = 41 £+ 2 ppm) and BL-1 (U = 220 +
10 ppm}, and a single aliquot of USGS W1 (U = 0.57 £ 0.10 ppm). The
results for these standards were in very good agreement with certified, or
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recommended, literature values.

The analysis of U by DNC suffers a systematic interference from the fast
neutron induced fission of Th, the magnitude of which depends upon the
sample Th/U ratio and the reactor thermal-to-fast neutron flux ratio. Analyses
of a number of uranium-free Th standards under identical conditions to those
employed for the uranium DNC determinations have shown that for the
SLOWPOKE reactor the sensitivity for Th is 1.26 % + 0.16 % ({10) that of
natural U {Duke, 1983). Given this datum, and the Th concentration of each
sample (determined by INAA), the DNC U values were corrected for the Th
interference with the incurred increase in uncertainty due to the propagation of
errors. However, for the samples under study the increased uncertainty due to
the Th correction was negligible. At the levels of uranium present in the rocks
under study the uncertainty associated with the gross sample counts and
stripping the counter background from the gross sample counts to obtain the
net sample counts are the dominant sources of uncertainty. As a consequence
of poorer counting statistics the largest uncertainty occurs for those samples
with the lowest U concentrations (e.g., the granulites from Nordlandet}. The
lowest U concentration determined {0.11 ppm for G87-130) has an uncertainty
of £ 16.3 %, while at the ¢.25 - 0.30 ppm U level the uncertainty is ¢. £ 10
%. The uncertainty decreased to * 3.0 % at 3.28 ppm U {the highest U

concentration in the samples analyzed).

Isotopic Analyses

The procedures utilized for the isotopic analysis of the samples studied
here were modified as experience was gained. Changes were motivated by a
desire for more rapid, simple, and reproducible manipulations, which invariably
resulted in lower procedural blanks. Before any modifications were implemented
for general use, however, aliquots of previously analyzed samples, and (or)
standard reference materials, were analyzed using the new procedure, and
procedural blanks run to assess the effects of the changes.
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Reagents.

The mineral acids used in the whole-rock dissolution, and subsequent
elemental purification steps, were produced by sub-boiling distillation in either
Teflon® (Mattinson, 1972} or glass stills. Hydrofluoric acid and HBr were
distilled once, while HCI and HNQO, were doubly distilled. Ultrapure water was
produced by a Millipore Corp. filtration system. Gold-label grade oxalic-acid
{Aldrich Co.) was used without further purification once the reagent blank for
Sm, Nd, Sr, and Pb had been determined and found to be negligible for the
whole-rock analyses in question. Methyllactic acid (in solution) was purified by
cation exchange chromatography. Cation exchange chromatography was also
used to purify {remove Sr and to a lesser extent Pb) the BaCl, used in nitrate
coprecipitation. For Pb analyses the BaCl, was further purified by double

electrode stripping.

Sm-Nd, Rb-Sr, and Pb-Pt whole-rock isotopic analyses. .

Aliquots of whole-rock powders, typically weighing 500 mg, were taken
for unspiked analyses. Given the Nd, Sr, and Pb concentrations of the gneisses
studied this generally resulted in a significant excess of the 0.2 ug Nd, ca. 0.5
ug Sr, and ca. 0.5 ug Pb required for mass spectrometric analysis. For isotope
dilution, samples weighing ca. 200 mg were accurately weighed and spiked
with a mixed 8’Rb-2*Sr and/or "°Sm-"**Nd solution prior to decomposition. All
samples were digested in screw topped Savillex® vessels using an 8:1 mixture
of 25M HF:16M HNO,. Decomposition was apparently complete after a few
hours of heating, but samples were left a minimum of 12 hours to digest.

At the beginning of this study samples were processed in the manner
described fully by Cavell {1985), and in a condensed, and more generally
available form, in Baadsgaard et a/. (1986). The essenfials of the procedure are
as follows: After decomposition, each sample was evaporated to dryness and
the fluoride residue converted to nitrate by repeatedly treating the residue with
16N HNO,, evaporating to dryness, and baking. The residue was then dissolved
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in 12 mL 7N HNO,. This solution was evaporated to concentrated HNQO,,
centrifuged, and the supernatant transferred to a silica tube. Lead and Sr were
coprecipitated with Ba{NO;),. The supernatant solution containing the REE and
Rb was transferred to a 50 ml silica tube, diluted to 25 M| and made
ammoniacal to precipitate Fe, Al, and the REE. The Rb-enriched supernatant
was transferred to another silica tube and Rb precipitated, with K, as a
perchlorate by the addition of a few drops of perchloric acid. Aluminium was
removed from the REE + Fe precipitate by adding one or two pellets of NaOH
to dissolve the amphoteric Al-hydroxide. Following centrifuging the Al-rich
supernatant was discarded. The REE and Fe were reprecipitated from a dilute
HCI solution by adding NH; (to remove excess Na from the NaOH step). The
REE-enriched precipitate was dissolved in a minimum of 2.3 N Hcl and the REE
separated by cation exchange chromatography. Neodymium, and Sm, were
separated from each other, and the remaining the rare earth elements, on a
cation exchange column equilibrated with 0.2 M methyliatic acid (o-
hydroxyisobutyric acid) {pH = 4.43 + 0.01; adjusted with NH;) Eugster et a/.,
1970. The Nd, and Sm, eluates were acidified to 0. 1N HCI and the methyllactic
acid and traces of ammonia removed by a third cation exchange column to give
Nd or Sm ready for mass spectrometric analysis.

Lead (from the nitrate coprecipatation step} was purified from Ba and Sr
using a column of DOWEX AG-X1 anion exchange resin {100-200 meskh) in
chloride form, equilibrated with 1.5N HCi. Strontium, eluted from this anion
exchange column, was purified by two passes through a DOWEX AG b0W-X8
cation exchange column, also in chloride form.

The blanks for the procedures as outlined were 0.3 ng Sm, 2.2 ng Nd,
1.6 ng Sr, 1.2 ng Pb, and 0.1 ng Rb.

Various aspects of these procedures were modified and, after the
procedures had been tested, the majority of sumples were treated as follows:
Following decornposition samples were ieft to cool before being centrifuged to
separate the Sr-, Pb-, and REE-bearing insoluble fluoride phase from the alkali-
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rich supernatant. In unspiked runs the supernatant was discarded, while for
spiked runs it was saved for Rb purification.

The partitioning of Pb between the soluble and insoluble phases of a
digested whole-rock sample {to which a known excess of Pb had been added)
was determined by analyzing the Pb content of the two phases by atomic
absorntion spectrometry. Approximately 80% of the Pb was found to enter the
insoluble phase while the remaining 20% remained in the supernatant solution.
Given the relatively high Pb content of most of the samples in this study an
80% Pb vyield at this step was judged acceptable and the simplicity of the
separation far outweighed the effort required either to process a separate
whole-rock aliquot for Pb, or to use a more involved chemical separation.

As before, the Pb-, REE-, and Sr-bearing fluoride residue was converted
to more soluble nitrate salts by evaporating {(and baking) the residue a number
of times in with 16N HNO,. The nitrate residue was then dissolved in 6N HCI
and evaporated to dryness before being taken up in 1 mL 2.3N HCI ready for
cation exchange chromatography. The solution was transferred to a 3 Ml silica
glass test-tube and centrifuged. The supernatant was loaded ona 1 g DOWEX
AG-50W X8 (100-200 mesh) cation exchange column equilibrated with a 0.1
M oxalic acid + 1.5N Hcl mixture. The column was calibrated for the REE, Sr
and Pb (and at a iater stage for Rb). lron and Pb, together with any remaining
alkalis were removed by washing the column with a total of 11 mL of the 0.1
M oxalic acid + 1.5N HCI mixture. This solution was retained for purification
of Pb. The REE and alkaline earths form insoluble oxalate complexes, and are
retained on the column. Cation exchange distribution coefficients (K,;'s) for the
REE and alkaline earths are quite similar in 2 to 6N HCI (Strelow, 1960; and
Strelow et a/., 1965) and thus HCI solutions do not afford an effective means
for the separation of these two groups. However, their K;'s in 2M HNOQ, are
sufficiently different (Sr = 8.8, Ba = 13.0, REE range from 47.3(La) to
41.3(Yb)) to permit adequate separation. Consequently, Sr was removed from
the column and collected using 2M HNO,, and then, after further washing with
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2M HNO, to remove most of the Ba, the REE were stripped and collected as a
group in 6N HCI. After the HCI solution was evaporated to dryness, Nd {and
Sm in spiked runs) was separated from the bulk of the other REE and purified,
as described in detail earlier, using a cation exchange column equilibrated with
0.2 M methyllactic acid, followed by a final cation exchange column.

For the analysis of Rb the supernatant from the sample decompaosition
step was evaporated to dryness, and the conversion of the alkali fluoride salts
to chlorides (via nitrates} achieved by twice evaporating the sample to dryness
in the presence of 16N HNO,, foliowed by evaporation from €*' HCI. The
chloride residue was dissolved in 1.25 mL of 1.5 M HCI, transferred to a 3 mL
Pyrex® tube, centrifuged, and the supernatant loaded on a 4 g DOWEX AG-
50W X8 (100-200 mesh) cation exchange column equilibrated with 1.5N HCI.
This column yielded purified Rb that never failed to give an excellent, stable,
mass spectrometry run.

The Sr-bearing solution from the oxalic-acid columns was collected in 7
mL screw-top Savillex® beakers, and evaporated to dryness. The Sr-enriched
residue was dissolved in 2 mL of 16N HNO, and Sr separated from Ca by
coprecipitation with Ba(NO,),. Precipitation was promoted by placing the
capped Saviliex vessels in an ultrasonic bath for about 20 minutes. The
samples were then centrifuged, the supernatant discarded, and after drying on
a hot plate {< 2 minutes} the precipitate was dissolved in a minimum of water
{¢. 20 uL) and the precipitation step repeated, as before, but from 1 mL of 16N
HNO,. Strontium was purified from Ba (and any residual Rb) by two passes
through a 0.75 g DOWEX AG-50W X8 (100-200 mesh) cation exchange
column equilibrated with 2.3N HCI.

The Pb- (and Fe-) containing solution, taken off the oxalic-acid column,
was evaporated to dryness and the residue dissolved in 5 mL 0.7N HBr. The Pb
was purified by a single pass through a DOWEX AG-X1 anion exchange resin
{100-200 mesh) equilibrated with 0.7 HBr.

Procedural bianks for the modified procedures as outlined were 0.06 ng
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Sm, 0.95 ng Nd, 0.3 ng Sr, 0.1 ng Pb, and 0.1 ng Rb.

Mass Spectrometric Analysis.

Lead was loaded as a chloride onto a single Re filament using the silica
gel - phospharic acid method {Cameron et a/., 1969). Neodymium, and Sm,
were analyzed as metals following loading in 7N HNO, onto the side filament
of a double Re filament assembly. Strontium and Rb were loaded as chlorides
on the side filament of double Re assemblies and also run as metals.

Lead isotopic ratios were measured using a VG Micromass-30 single
collector, solid-source mass spectrometer operating in semi-automatic mode.
Multiple analyses of the NBS 981 common lead standard by the isotopic group
of the Department of Physics, University of Alberta yielded mass fractionation
correction factors of 1.2, 1.3, and 1.4 per mil/amu for 2°°Pb/2°*Pb, °7Ph/?**Pb,
and 2°°Pb/?*Pb, respectively. Replicate analyses of ten aliquots of NBS 981
(treated as "unknowns’} and corrected using the above mass fractionation
factors gave: .

208ph/2%4Ph = 16.934 + 0.009 (n=10) [16.937 =+ 0.011]

207pp/2%pPh = 15.942 + 0.009 (n=10) [15.491 + 0.006]

208pp/204ph = 36.720 + 0.038 (n=10) [36.721 £ 0.027]

(all uncertainties at the 95% confidence level, values in square brackets were
derived from the NBS 981 certificate). As can be seen the agreement between
the arithmetic mean of the measured values and the certified values is
excellent. Unspiked Nd (and the majority of unspiked Sr) isotopic
measurements were performed using a five collector VG 354 solid-source mass
spectrometer operating in peak switching mode. Reported #Nd/"**Nd isotopic
ratios have been normalized to “Nd/"**Nd = 0.7219, while ®’Sr/®°Sr ratios
have been normalized to ®®Sr/%®Sr = 0.1194.

Spiked Sm, Nd, Sr, and Rb analyses were performed on the MM-30 mass
spectrometer. Initially, the Sm and Nd analyses were performed separately. The
Nd concentration of a sample was determined from the measured *°Nd/"**Nd
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spiked ratio. Mass fractionation was determined from the measured **Nd/"**Nd
and "°Nd/***Nd ratios. The magnitude of the '**Sm isobaric interference to
4Nd was determined and corrected for, by monitoring the **7Sm/"**(Nd + Sm)
ratic. Similarly, the Sm concentration of each sample was determined from the
measured *°Sm/"4’Sm spiked ratio, with mass'fractionation being corrected for
by measurement of the '“®Sm/¥’Sm and '*°Sm/¥’Sm ratios. Isobaric
interference to '®*Sm by 'Nd was monitored by measuring the
148Nd/"*({Sm+ Nd) ratio.

Because the methyllactic acid column separation gave high purity Nd and
Sm fractions with very low levels of Ce and Gd, towards the end of this study
the following modified analytical sequence was used in order to save analysis
time. Samarium and Nd were consecutively eluted from the MLA columns into
a single collection vessel and, following removal of the methyllactic acid (as
described earlier), were loaded together on the same side filament for mass
spectrometric analysis. For these analyses, the *®Nd/"**Nd ratio was used to
determine the Nd concentration with the mass fractionation correction being
calculated from the measured '**Nd/'*®Nd and '*2Nd/"*®Nd ratios. Any '**Ce
interference to '*2Nd was monitored by measuring the ratio of peaks at masses
140 and 142. As before, Sm was quantified using the measured '**Sm/'*’Sm
spiked ratio. Mass fractionation was determined from the ***Sm/*’Sm and
1526 m/1%7Sm ratios, and the possible '*2Gd isobaric interference to '®2Sm
monitored by measuring the ratio ***Gd/"*’Sm. Programmes to correct for mass
fractionation {assuming the linear law)} and to perform the isotope dilution and
1475m/"*Nd calculations were written by the author.

Following individual Sm, and Nd runs, using the former combination of
ratios, the remaining unioaded Sm and Nd aliquots were combined and analyzed
using the second scheme. The differences in the **’Sm/"**Nd ratios determined

by the two procedures were statistically insignificant.
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APPENDIX 3.
Single bead U-Pb Zircon Analyses.

Over the past twenty years major advances in the U-Pb dating of
minerals, particularly zircon, have been made. Of special note in this field is the
work of Krogh and various coworkers. Krogh (1973) presented the now well
known and universally utilized hydrothermal procedure for the dissolution of
zircons. Prior to this work dissolution was accomplished by the borax fusion
technique which typically entailed a procedural Pb blank in the range 0.2 -
1.0 pg. The hydrothermal dissolution technique reduced this to 0.5 - 5.0 ng
(Krogh, 1973) which meant that samples weighing 100-fold less than previous
could be analyzed. Other advances, such as the development of muiticoilector
thermal ionization mass spectrometers {(with or without secondary electron
multipliers), the synthesis and purification of 2°°Pb for U-Pb dating (Krogh and
Davis, (1975); Parrish and Krogh, (1987)), the abrasion technique to produce
more concordant samples {Krogh (1982), the miniaturization of sample
dissolution, and the production of ultra clean reagents and work environments,
have all resulted in significant progress in the field of U-Pb analyses.

As a consequence precise U-Pb zircon analyses are now commonly
performed on carefully prepared and selected samples typically weighing less
than 100 ug {Krogh, 1873, 1982), and often weighing less than 20 ug (Parrish
et al., 1987). For the most precise analyses of these very small samples the
procedural and loading blanks should be both as low, and reproducible, as
possible. Following the procedures of Krogh (1973) a number of laboratories
(e.g., at the Royal Ontario Museum, and the geochronology laboratory of
Geological Survey of Canada, Ottawa) that have been dedicated to the
development and application of the method commonly report procedural blanks
significantly less than 50 pg (e.g., Roddick et al., 1987). Assuming that no
foreign particles contribute to the blank, the main components of a procedural
blank will be: a) the reagent blank, b) container blankis), and c) a processing

or manipulation blank (e.g., contribution from the chromatographic separation
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of Pb). Logically, other factors remaining equal, the fewer the number of
manipulations in a procedure the lower procedurai blank will be.

The author’s initial attempts to separate and purify Pb from zircons using
a modified column procedure of Krogh {(1973) generally gave quite high and
unsatisfactory Pb blanks. Consequently, the author decided to attempt a
different approach for the separation of Pb. The method followed that of
Manton (1988) who described the separation of Pb from young zircons using

a single ion exchange bead. A dramatic reduction in the procedural blank
resulted,

Theory of the single-bead technique.

Using Dowex 1-X8 (200 - 400 mesh) anion exchange resin Andersen and
Knutsen {(1962) showed that the distribution coefficient (K,} for Pb{ll) in HBr is
greater, by over a factor of ten, than that for the same normality of HCI.
Unfortunately, their results are only presented in a graphical manner, with the
Pb(ll) K, reaching a8 maximum of ca. 800 at about 0.5N HBr. However, Strelow
{1978}, in a study to determine the distribution coefficients for 200 - 400 mesh
anion exchange AG1-X8 resin for a number of elements in HBr-HNQ,; mixtures,
lists the K, for Ph{li) in 0.03N (14.4), 0.05N (52), 0.10N (242), 0.20N (635),
0.50N (821), and 1.0N (620} HBr {measured Pb{ll) K;-values in parentheses).
A plot of the K, -values against HBr normality is shown in Figure A3.1. As can
be seen the K, reaches a maximum slightly over 800, between 0.5 and 0.7N
HBr.

Although various ions have been separated from complex mixtures by
other workers using single ion exchange beads (particularly in the nuclear
industry, e.g., Walker et a/., 1974) Manton (1988) first applied the technique
to the separation of Pb from young zircons.
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Figure A3.1 Variation of the distribution coefficient for Pb{ll) with different HBr

normalities {Dowex 1-X8 resin).
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Using Pb as an example, the efficiency of separation (or yield) of ions
from a liguid medium by ion exchange is given by:

g M,
N £ I ' * 100 %
I Kq-Ms
where:
1 = Pb ions initially in solution
Ig = Pb ions bound to bead
M, = mass of acid (g)
Mg = mass of bead(s) {(g)
Ky = distribution coefficient of Pb for a particular acid normality

Given that a 20-mesh Dowex 1-X8 bead weighs ca. 375 pg, and
assuming a K {Pb) of 700 for 0.7N HBr, and that 35 uL of 0.7N HBr is used,
the efficiency of Pb extraction would in theory be ca. 88%. Use of two beads

would increase this to ca. 94%, and with three beads to ca. 96%.

Methodclogy.

Following the picking, abrasion, weighing, and cleaning of zircons,
samples weighing between 10 and 150 ug (as determined using a Cahn
microbalance) were transferred to Teflon® mini-capsules (2 mL volume) in a
clean air fumehood. A charge of 0.5 mL 25M HF and ca. 10 L 7N HNO, was
added to each sample (all acids were double/triple vapour distilled) and the
microcapsules capped and batches of eight (including two blanks) were packed
in a pressure bomb assembly. The assembly was placed in an oven at 190°-
200°C and left for a minimum of 5 days to dissolve the zircons. Following
cooling the microcapsules were opened in a clean air fumehood and examined
for total dissolution of the zircons {the author had no samples that did not

dissolve completely, however, sealing and further hydrothermal dissoiution
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would have been employed if necessary). The clear sample solutions were
spiked with a mixed 2°°Pb - *°U spike and the mixture evaporated to dryness
{procedural blanks were not spiked at this point). Removal/conversion of the
fluoride salts was promoted by twice adding ca. 10 uL 7N HNO, to the residué
and evaporating to dryness. At this stage the nitrate residues were either
dissolved in ca. 35 pyL 0.7 M HBr or, in the early stages of the development of
the method, first solubilized by adding 0.5 mL 7N HNQ, to the dissolution
bombs and heating overnight at 190° C before evaporating to dryness and
dissolving the residue in ca. 35 4L 0.7 M HBr.

One to three rigorously cleaned 20 mesh, Dowex 1-X8 anion exchange
beads (repeatedly washed and rinsed in double distilled 6N HC! and Millipore
water, respectively) were added to each liquid sample (still in the dissolution
bombs) using a Pt-Re wire with a loop ca. 1 mm in diameter at one end to
select and hold the beads. The Pt-Re wire could be rigorously cleaned and never
came into contact with the sample solution when adding the bead(s). Each
bead was held firmly to the wire loop by surface tension but could be 'knocked
off’ into the sample solution with a drop of 0.7N HBr acid.

The kinetics of the extraction process for 20 mesh beads is slow in
comparison to that for 100-200 or 200-400 mesh beads. To aid in equilibration
the capped vessels containing the bead(s) and HBr were mechanically agitated
to promote movement of the bead(s) in the acid. Following a minimum of an
hour of agitation, samples were left at least 6 hours before the anion exchange
bead(s) was/were removed from the HBr sample solution and transferred to a
rigorously cleaned 3 mL Savillex® beaker. Again a Pt-Re wire was used and the
individual beads transferred to the beaker by ‘knocking’ them off the wire with
a falling drop of 6N HCI. The Pb bound to the beads was back extracted into
ca. 50 uL 6N HCI. The capped Savillex® beakers containing the bead(s) and HCI
were also shaken, approximately for one hour to maximize Pb extraction, prior
to removing and discarding the anion exchange bead(s). At this stage
approximately 6 L of 1.75 N H,PQ, was added to the 6N HCI and the solution

243



evaporated to a concentrated drop of phosphoric acid that contained the Pb
ready for loading. All of the bead manipulations were performed in a clean air
hood.

The 0.7N HBr sample solution, from which the Pb was extracted onto
the 20 mesh anion exchange bead(s}, was evaporated to dryness and taken up
in 0.5 mL 7N HNO,. Uranium was separated from this solution by standard
anion exchange chromatography (100-200 mesh Dowex-1 X8, NO,-form) on
miniaturized columns. Following removal of Zr, Hf, REE, efc., uranium was
eluted, and collected in the microcapsule that had been used for the dissolution
of the zircon(s) thus helping to minimize the U blank.

It would be possible to collect the Zr, Hf, REE, etfc, (minus the U and Th)
for isotopic (e.g., Lu-Hf, Sm-Nd}, or elemental analysis (Heaman et a/., 1990).
If Hf could readily be separated from the Zr, and its isotopic composition
determined by mass spectrometry, the combined U-Pb age data and Hf isotopic
composition determined on the same sample would provide a very powerful
geochemical tool.

U and Pb Mass Spectrometric Analyses.

The purified Pb samples (in concentrated phosphoric acid) were loaded on
outgassed Re centre filaments using the silica-gel technique (Cameron, et a/.,
1969). All U-Pb zircon analyses were performed using a VG 354 multicollector
thermal ionization mass spectrometer. The majority of Pb samples were
analyzed with the VG 354 operating in multi-collector mode (with Faraday cups
as collectors), and the 2°°Pb/?**Pb ratio generally checked or measured in single
collector mode using a Daly amplifier. For very small samples all the Pb isotopic
data were collected on the Daly multiplier in single collector mode. Common
lead corrections were made using the model of Stacey and Kramers {1975).
Uranium was loaded in HNO, on the side filament of an outgassed double Re
assembly and analyzed as a metal. Again, depending upon the amount of
uranium, analysis was carried out in either multi-collector or single collector

using the Faraday or Daly collectors, respectively.
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Summary.

The refined single-bead zircon technique gave procedural blanks of
approximately 15 to 20 pg Pb, with a minimum of effort, that were quite
reproducible. This was considered a great improvement on the conventional
column separation which gave blanks of ca. 80 pg Pb. The Teflon® mini-
capsules used for the dissolution of the zircon samples have a relatively large
volume (2 mL) and hence surface area. Consequently, it is felt that the
procedural blank could likely be lowered to the 5 pg level, or less, by employing
0.3 mL PTFE microcapsules for mineral dissolution and Pb extraction by the
single bead method. Preliminary technique development using 0.3 mL PTFE
vessels was very promising. The HBr acid used to dissolve the nitrate salts is
strongly held in the vessel by surface tension permitting the microcapsule to be
inverted and hence rotated. In this manner the anion exchange bead can roll
around the solution maximizing Pb recovery. Unfortunately, time restraints did

not permit the development of this variation of the technique.
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APPENDIX 4.,

Elemental and isotopic results.

Whole-rock elemental and isotopic results based on XRF, INAA, and MSID

analyses.
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5io2
Al203
Tio2
FeO#*

cao
MgO
K20
Na20
P205

Ni
Cr
Sc
Co

Sr
Nb
Cu
Zn
Pb
Th
Cs
Ba

Ta
Hf
Zr

La
Ce
Nd
Sm
Eu
Th
Yb
Lu

72.97
15.36
0.162
0.98
0.020
1.76
0.28
2.92
4.98
0.041

1.78
1.45
1.35
10
69.97
637.0
0.6
11

34

25
6.60
0.82
1469
0.76
0.007
3.28
109

19.8

32.0
8.040
1.233
0.441
0.110
0.287

71.14
16.63
0.149
1.21
0.030
2.73
0.30
1.59
5.65
0.053

10
2.75
1.79
2.02
12
53
503
1.5
13
37
18
0.93
1.58
360
1.99
0.425
2.41

B9

6.72

12.4
4.770
0.988
0.457
0.160
0.360

4

71.92 71.47
16.09 16.49
0.142 0.156

1.08 1.05
0.025 0.022
2.46 3.01
0.26 0.31
1.84 1.21
5.61 5.70

0.034 0.041

7 7
2.08

1.61 1.73
1.80 2.38
5 15

56 41
403 468
1.9 0.8
9 24

3 30
20 15
0.20 1.38
0.76 0.84
534 227
0.29 0.45
0.123 0.164
2.90 2.30
99 8BS

3 1
5.39 10.9%
8.92 17.8

2.910 5.250
0.515 0.820

-0.415 0.369

0.105

0.260
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5
72.87
15.87
0.081

0.56
0.015
1.93
0.10
2.35
5.67
0.018

1.22
0.78

48.92
549.9
0.0
10

i9
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1.2¢
0.50
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0.40
0.041
2.34
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3.070
0.42%
0.432
¢.035
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50.71
19.41
0.944

8.42
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5.05
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38.7
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48.96
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1.9
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1.39
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14
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22.00
5.343
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0.114

12
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6.222
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0.021
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0.56

1.31

6.16
0.058

11
9.00
1.70
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31

39.33
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1.6

28

20
1.85
0.78
356
0.27
0.134
2.67
114

13.4

21.6
8.447
1.012
0.491
0.125
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8102
A1203
Ti02
FeO*

Ca0o
Mg
K20
Naz20
P205

Ni
Cr
Sc
Co

Sr
Nb
Cu
Zn
Pb
Th
Cs
Ba

Ta
HE
ir

La
Ce
Nd
Sm
Eu
Th
Yb
Lu

13
70.95
1l6.70
0.172

1.17
0.022

2.90

0.40

1.21

5.90
0.056

3.60
2.02
2.42
18
35
473
2,0

38

15
0.64
0.56
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0.18
0.159
2.67
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9.09

15.8
5.542
0.905
0.832
0.094
0.247

14
70.22
17.22
0.125

1.08
0.014

3.15

0.32

1.39

5.90
0.036

1.84
0.56
2.42
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0.0
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16
1.26
0.32
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0.24
0.076
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13.8
3.870
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0.640
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15
71.73
16.07
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1.14
0.014

2.59

0.33

2.11

5.27
0.043

10
3.06
1.11
2.30

45.05
596.9
0.0

28

16
0.09%
0.56
1251
0.27
0.008
2.37
104

7.44
11.2
3.660
0.489
0.489
0.048

18
59.96
16.60
0.801

6.44
0.105

6.14

3.07

1.43

4.63
0.289

24
17.7
15.0
23.2

135
40.36
564.9

7.9

50
85
14
1.01
0.60
446
0.30

0.352

4.09

155
19
31.4
65.6

27.70

6.040

1.336

0.606

1.640

0.230

248

17
60.21
19.16
0.877

4.31
0.061

5.23

2.09

1.66

5.59
0.264

10
20.4
10.1
19.0
112
55.28
554.7
6.4
441
63
13
1.63
0.70
477
0.31
0.275
2.56

106

12
30.5
66.3

30.03
4.748
0.930
0.637
1.100

i8
62.07
20.0L
0.401
3.43
0.039
4.48
1.07
1.50
6.23
0.231

13
9.97
5.98
9.13

67

52.24
583.9
3.7

52

52

17
2.76
0.64

426
0.28
0.155
2.41
102

26.5

50.6
21.87
3.399
0.881
0.371
0.450

20
72.08
15.31
0.267

1.51
0.021

2.30

0.47

2.99

4.45
0.069

13
8.10
.89
4.01

25

73.73
322.6
1.7

32

20
1.13
0.51
1259
0.27
0.042
3.22
107

13.7

23.3
7.920
1.003
0.740
0.107
0.172



21 22 24 34 35 36 39

sioz2 68.26 64.02 68.25 66.48 72.16 63.49 51.81
Al203 16.18 16.95 16.93 16.16 15.83 17.77 18.94
Tio2 0.387 0.618 0.349 0.456 0.182 0.725 0.787
FeO* 3.32 4.43 2.30 3.96 1.13 4.57 8.59
Mno 0.042 0.067 0.025 0.070 0.023 0.067 0.115
Cao 3.37 5.06 3.36 4.38 2.20 4.04 8.50
MgO 1.27 2.06 1.11 1.78 0.39 1.73 4.97
K20 1.61 1.067 1.89 1.81 l1.92 l1.88 1.12
Naz20 4.88 4.92 5.13 4.21 5.57 4.97 4.33
P205 0.147 0.274 0.140 0.156 0.054 0.227 0.296

Ni 14 22 .19 21 8 9 36
Cr 14.5 29.2 15.8 45.5 1.55 3.50 35.2
Sc 5.38 7.46 2.58 8.40 1.79 1z2.2 24.0
Co 9.31 14.4 8.20 12.3 1.78 12.6 32.5
v 49 86 39 64 i1 85 190

Rb 71.48 26.10 50.00 63.03 46.36 78.94 32.51
Sr 395.6 718.7 621.0 369.7 664.0 592.5 820.8

Nb 6.3 0.0 2.9 7.6 0.6 4.1 @ 2.1
Cu 26 43 19 6 3 48 0
Zn 69 75 45 61 41 80 91
Pb 13 9 13 13 23 14 17
Th 4.05 1.01 0.66 5.24 5.33 5.25 1.44
Cs 0.67 0.33 0.65 2.77 1.04 1.93 2.10
Ba 380 595 1375 451 835 795 344
U 0.60 0.36 0.40 0.72 0.75 0.70 0.88
Ta 6.L97 0,101 0.087 0.549 0.190 0.229 0.411
HEf 3.83 4.34 3.75 4.15 3.44 4.36 1.09
Zr 150 184 156 153 129 188 67
Y 6 10 3 11 3 10 14
La 39.7 31.7 l6.6 26.6 24.2 28.8 17.0
Ce 71.0 69.3 29.4 48.7 40.8 57.4 37.8

Nd 23.26 28.24 10.30 18.43 12.22 20.88 20.71
Sm 3.278 4.291 1.491 3.068 1.654 3.526 4.190
Eu 0.759 1.270 0.758 0.990 0.552 1.050 1.380
Th 0.348 0.330 0.123 0.471 0.135 0.517 0.536
Yb 0.640 0.790 0.270 1.260 0.175 0.850 0.949
Lu 0.180 0.104 0.118

249



S5io2
Al203
Tio2
FeO*

cao
Mgo
K20
Na20
P205

Ni
cr
Sc
Co

Sr

Cu
Zn
Pb
Th
Cs
Ba

Ta
HE
Zr

Ce
Nd
Sm
Eu
Th
¥b
Lu

40
59.80
17.02
0.635

6.35
0.120

7.51

2.86

0.82

4,19
0.152

- 38
36.8
15.7
22.6
122
11
214
4.6
26
53
11
2.47

75
0.76
0.411
5.10
175
23
17.2
35.8
16.50
3.720
0.896
0.623
1.700
0.252

42
64.87
16.88
0.450

4.45
0.070

5.28

1.90

1.37

4.07
0.0%84

27
21.8
10.8
13.2

80

82

244
7.2

53

16
4.91
2.37
239
0.84
0.569
3.87
153
21
18.3
34.9
15.90
3.090
0.676
0.542
1.270
0.180

43
64.43
16.03
0.537

5.51
0.121

4.71

2.02

l.46

4.42
0.221

25
39.0
12.6
15.7

62

61

177
11.1

79

18
1.68
1.40
175
0.95
0.898
3.85
141
24
13.0
29.4
15.46
3.612
0.976
0.612
2.090
0.231

44
71.70
16.17
0.132

0.95
0.022

1.77

0.71

1.27

6.70
0.032

1.73
1.57
10
42
411
0.0

26

11
0.38
0.40
224
0.42
0.121
2.09
85

4.12

8.90
3.400
0.636
0.320
0.096
0.306

250

57
70.68
l6.56
0.160

1.15
0.025

2.66

0.49

2.36

5.34
0.046

11
2.07
1.61
2.98
26
67
504
2.3
18
30
16
0.17
1.14
536
0.22
0.062
2.27

93

5.50

9.79
3.333
0.620
0.420
0.067
0.213

58
68.07
17.81
0.281

1.78
0.022

3.53

0.64

l1.28

5.94
0.106

4.67
0.88
4.03
31
43
749
0.0
11
35
15
0.29
0.93
565
0.29
0.084
3.25
155

B.40
15.10
5.590
0.784
0.670
0.049

60
65.26
16.88
0.258

1.69
0.022

3.24

0.66

1.59

5.79
0.086

12
8.20
1.04
4,96

30

45.47
596.5
0.0

27

37

17
0.70
0.42

723
0.20

2.72
119

17.3

27.9
8.080
0.978
0.642
0.074
0.112



Sio2
Al203
Tio2
FeO*

cao
MgO
K20
Na20
P205

Ni
Cr
Sc
Co

Sr
Nb
Cu
Zn
Pb
Th
Cs
Ba

Ta
HEf
Zr

Ce
Nd
Sm
Eu
Th
Yb
Lu

80
71.80
16.08
0.161

1.05
0.021
2.35
0.21
2.43
5.31
0.039%

1.53
1.61
17
64.07
580.0
0.0

41

21
2.43
0.96
1005
0.52
0.131
2.82
103

9.77
18.0
6.291
1.120
0.413
0.120

85
61l.18
17.65
0.760

5.30
0.070
5.63
2.56
1.09
4.95
0.280

26
3.1
12.5
17.0

100
30.44
648.6

3.5

63

62

12
4.72
1.32

815

0.35

5.72
250
12
73.3
133
48.30
8.454
1.540
0.594
1.040

86
€9.78
15.77
0.334

2.91
0.048
3.56
0.95
1.17
4.84
0.112

15
l6.0
5.70
10.0

36

49.89
333.1
6.2

25

45

15
2.74
1.07

333
0.92
0.459
4,23
165
i0
7.50
23.4
7.293
1.633
0.509
0.315
0.813
0.114

251

87
67.84
le.72
0.497

2.97
0.055
3.20
1.06
1.53
5.43
0.177

10
le.2
4.55
7.21

43

92.64
411.0
6.6

32

65

17
4.44
1.36

273
0.56
0.490
4.75
196

24.2

47.9
20.25
3.168
0.591
0.329
0.501

88
71.33
16.31
0.152

1.22
0.024
2.83
0.43
1.29
5.83
0.041

13
4.83
2.66
2.62
25
51.56
466.4
2.0
10
30
17
3.01
1.41
226
0.84
0.651
2.07

89

10.6

20.1
8.013
1.439
0.404
0.195
0.430

89A
70.71
16.52
0.201
1.30
0.026
3.06
0.41
1.81
5.35
0.074

2.13
2.42
19
64
537
1.1

32
17

' 4.55

1.71
413
0.60
0.180
3.12
135

17.9
31.7
10.09
1.557
0.440
0.168

89B
60.46
16.07
0.750
7.29
0.130
6.30
2.93
l.22
4.18
0.138

25
45.7
20.5
23.3
154
43.00
280.5
6.3
22
77
15
4.42
1.65
267
1.87
0.853
3.64

137

26
22.6
45.0

19.99
4.080
1.070
0.621
2,170



8io2
Al203
Tio2
FeO*
Mno
cao
Mgo
K20
Naz20
P205

Ni
Cr
Sc
Co

Sr
Nb
Cu
Zn
Pb
Th
Cs
Ba

Ta
Hf
Zr

Ce
Nd
Sm
Eu
Tb
Yb
Lu

a0
64 .00
16.65
0.494
4.59
0.098
4.88
2.17
1.42
4.98
0.175

26
26.1
20.8
15.6

86

47.92
534.3
7.1

27

80

16
2.60
0.65

463
0.70
0.350
2.28
101

23
24.3
60.2

35.39
8.055
1.220
1.070
1.740

91
60.91
16.83
0.586

5.71
0.110
5.57
3.26
1.63
4.66
0.217

37
92.0
13.6
20.0
104
59.43
536.6
4.6
0
98
14
2.54
1.03
505
0.77
0.474
2.46

110

15
26.5
50.1

23.62
4.192
0.755
G.427
0.863
0.137

92
64.57
17.10
0.701

4.41
0.047
4.53
1.34
1.42
5.11
0.244

3.40
7.76
10.6
86
55.02
659.4
4.3
31

58

15
8.93
0.62
724
0.46
0.266
5.06
225

59.8
105
32.54
4.162
1.125
0.490
0.511

93
71.52
15.84
0.210

1.32
0.022
2.43
0.49
2.44
5.12
0.071

4.90
0.79
2.56
19
58.20
617.6
0.0

34
20
0.49
0.51
1269
0.24

2.57
105

9.51
15.6
4.910
0.670
0.332

262

94
70.31
17.00
0.149

0.91
0.014
2.68
0.53
2.56
5.26
0.063

12
7.08
1.12
3.22

15

48.84
620.6
1.3

12

24

20
1.21
0.52
1962
0.23

0.056
2.62
118

18.5
26.8
7.820
0.922
0.611
0.088%

103
69.59
17.01
0.214

1.33
0.020
3.49
0.65
1.36
5.70
0.108

18
6.49
1.27
5.42
19
47.00
676.5
0.8
19
33
16
0.77
1.29
533
0.37
0.126
2.29

98

8.71
16.2
6.330
1.068
0.539
0.121

111
69.73
17.03
0.226

1.35
0.018
3.56
0.61
1.24
5.60
0.097

10
12.0
1.35
4.84
29
40.59
651.0
0.5
12

34

. 15
0.89
0.73
539
0.49
0.040
5.46
251

12.1

21.4
6.6920
0.964
0.430
0.057
0.172



sio2
Al203
Tio2
FeO*
Mno
cao
MgO
K20
Naz20
P205S

Ni
Cr
Sc
Co

Sr
Nb
Cu
Zn

Th
Cs
Ba

Ta
HEf
Zr

Ce
Nd
Snm
Eu
Th
Yb
Lu

112
53.20
18.56
1.080

7.73
0.112

7.95

4.04

1.24

5.01
0.550

41
63.0
19.7
29.2

152
24.99
1046
3.2
57
108

17
0.62
0.47

428
0.32
0.353
3.15
147

18
40.4
93.0

45.00
8.820
2.350
1.120
1.590
0.201

113
67.28
16.86
0.412

3.08
0.037

4.27

1.20

1.13

5.04
¢.150

13
12.2
4.24
10.7

58

32.22
846.8
1.2

20

53

16
3.21
0.55

630
0.28
0.079
3.25
145

39.4
70.6
23.18
2.759
1.260
0.205

116
72.08
16.07
0.198

1.33
0.016

3.31

0.46

0.89

5.11
0.007

10
3.10
1.01
3.25

21

17.79
715.4
0.0

27

21

16
7.63

703
0.26

3.89
169

57.8
87.4
21.61
1.798
0.732
0.162

118
53.87
19.18
1.038

7.65
0.103

7.26

3.55

0.93

5.48
0.406

24
33.9
21.9
26.2
136
19.65
849.5
5.0
43
98
12
1.35
0.51
620
0.59
0.276
6.15

226

20
31.9
73.9

40.83
7.431
2,770
0.680
1.240
0.132

253

120
72.75
15.47
0.206

1.15
0.020

2.08

0.33

1.95

5.44
0.059

4.83
1.66
2.62
23
35.15
563.4
1.4
13

35

15
0.51
0.41
1107
0.13
0.025
3.24
130

10.4

19.3
8.230
1.155
0.551
0.074
6.138

121
72.33
15.84
0.164

1.14
0.020

2.65

0.34

1.31

5.62
0.049

13
6.34
2.10
2.81

24

39.31
430.8
1.7

6

29

24
2.56
0.58

366
0.52
0.187
2.78
100

10.5
19.2
7.622

l1.269.

0.396
0.148
0.216

122
74.74
14.78
0.128

0.68
0.012

l.68

0.30

1.44

5.68
0.022

1.30
1.05
10
28
377
1.1
13
17
16
4.73
0.41
463
0.38
0.024
2.45
83

17.8
30.5
9.800
1.465
0.392
0.174



$i02
21203
Tio2
FeO*

cao
MgQ
K20
Na20
P205

Ni
Cr
Sc
Co

Sr

cu
Zn
Pb
Th
Cs
Ba

Ta
HE
Zr

Ce
Nd
Sm
Eu
Th
Yb
Lu

123
62.85
16.16
0.591

6.03
0.119%

5.93

2.16

1.07

4.40
0.161

24
23.8
15.1
17.2

100
38.52
171.7

9.6

64

14
2.78
1.29
217
0.96
0.667
4.44
175
30
17.0
35.1
18.58
4.151
1.014
0.663
1.870
0.346

124
67.40
16.74
0.558

3.56
0.050

3.13

1.11

1.70

5.05
0.159

6.89
§.90
63
120.48
445.1
7.2

79
18
7.29
4.39
387
1.17
0.790
3.87
147
14
33.7
63.9
22,73
3.720
0.673
0.434
0.964
0.126

127
72.13
15.84
0.140

0.73
0.013

1.78

0.17

3.57

5.06
0.034

10

1.30
l.1s6

62
599
0.0

11

21

26

8.17
0.49
1530
0.28

2.43
95

30.5
45.4
12.53
1.560
0.602
0.132

142
72.28
15.27
0.184

1.80
0.032

2.59

0.64

2.08

4.54
0.045

14
4.86
3.22
4.22

18

112
134
7.5

43

32
7.57
3.34
343
3.28
0.386
3.82
104

22.2
42.5
13.37
2.951
0.587
0.345

254

144
70.39
17.08
0.167

0.99
0.022

2.60

0.27

2.09

5.82
0.041

1.40
1.80
2.26
24
56
701
1.1

35

17
0.74
0.90
516
0.40
0.165
1.90
88

13.3
15.1
10.14
1.792
0.370
0.186

145
72.23
15.96
0.111

0.77
0.019

2.03

0.17

2.66

5.49
0.026

1.10
1.46
1.16
11
61.76
457.4
0.5

25

18
1.00
0.98
666
0.45
0.054
1.91
77

4.42
11.7
4,350
0.850
0.343
0.101

146
71.59
16.23
0.137

1.07
0.032

2.50

0.31

1.81

5.73
0.049

10
2.14
1.96
1.87

60.35
364.0
3.2

35

17
2.33
1.36
380
0.42
0.220
2.73
94

9.44
17.2
6.060
1.107
0.265
0.132



sioz
Al203
Tio2
FeO*

Cao
MgO
K20
Naz20o
P205

147
69.34
16.39
0.358

2.53
0.039

3.29

0.69

2.01

4.74
0.086

2.70
3.80
5.85
31
66
317
4.1

29

13
6.09
0.95
629
0.74
0.272
3.55
127

16.6

34.6
12.60
2.230
0.751
0.211
0.658

148
60.88
16.44
0.589

5.75
0.100

6.17

3.75

1.58

4.04
0.170

51
128
13.8
23.0
95
54
356
6.9
65
70
14
4.21
1.19
323
0.73
0.381
2.89
136
15
20.9
41.9
17.95

.3.379

1.089
0.453
1.050
0.111

149
61.68
16.32
0.661

5.87
0.101

5.76

3.22

1.64

4.00
0.198

40
104
14.4
21.9
86

56
335
7.7
10

73

13
4.62
l.22
339
0.66
0.610
3.97
146
15
15.1
47.0
18.21
3.680
1.120
0.472
1.020
0.130

150
68.51
1l7.08
0.367

2.29
0.035

4.15

0.70

1.16

5.08
0.083

4.92
6.54
43
66
527
1.5

39

15
0.64
3.69
260
0.37
0.261
1.40
93

2.73
6.56
2.700
0.820
0.490
0.156

255

151
63.57
l6.88
0.575

4.97
0.093

5.73

1.74

0.91

4.87
0.127

25
19.6
12.1
14.1

91

37.32
153.8
7.7

55

17
2.81
1.77
113
1.57
0.614
3.75
140
29
15.4
41.4
17.46
4.172
1.090
0.749
2.450
0.335

152
54.98
17.47
0.767

7.73
0.119

8.52

4.81

0.54

4.38
0.155

89
114
21.1
30.8
155

266

2.5 .

12
88
10
0.31

134
0.29
0.242
0.98
65

10
12.3
24.8
9.860
2.1%94
0.987
0.357
0.917
0.130

153
71.15
16.61
0.151
1.04
0.018
2.58
0.36
2.06
5.43
0.073

3.00
1.63
2.52
12
56
534
1.7
39
30
21
1.50
1.15
622
0.98
0.138
2.93
118

11.4
22.0
7.950

0.497
6.172



Sio2
Al1203
Ti02
FeO*

Cal
MgO
K20
Naz0
P205

Ni
Cr
Sc
Co

Sr
Nb
cu
Zn
Fb
Th
Cs
Ba

Ta
HE
Zr

La
Ce
Nd
Sm
Eu
Th
Yb
Ia

154
70.55
16.81
0.150

0.83
0.019

2.31

0.29

3.43

5.04
0.037

10
3.63
1.48
2.08
22
97.68
600.1
0.9
20
26
24
2.52
1.53
918
0.68
0.0690
1.17

59

10.2
20.9
9.240
1.731
0.492
0.167

964
69.84
16.96
0.204

1.47
0.023

3.08

0.52

1.85

5.46
0.067

11
0.50
2.03
3.73

20

47

669
0.0

11

54

15
1.80
4.29
1040
0.32

0.130
2.45
106

12.8
22.5
9.320
1.553
0.440
0.115

965
68.02
17.38
0.380

2.15
0.021

4.45

0.82

0.93

5.26
0.054

11
3.90
3.36
5.87

34

29.57
739.7
0.0

13

37

16
0.75
1.65

299
0.32
0.114
2.74
129

3.80
7.80
4.540
1.158
0.599
0.127

966
67.41
17.96
0.301

1.98
0.026

3.85

0.83

1.558

5.47
0.089

11
4.30
3.93
5.79

29

51

576
0.8
5

53

16
2.76
1.03

500
0.35
0.207
2.26
112

8.80
18.8
8.250
1.350
0.436
0.162

256

968
69.79
16.71
0.235

1.61
0.021

2.90

0.63

1.98

5.54
0.064

11
6.76
2.04
3.85

26

49

381
0.0

29
13
1.65

390
0.40
0.024
2.50
97

5.80
12.2
5.100
0.813
0.397

969
69.13
17.32
0.199

1.60
0.020

3.03

0.54

1.64

5.94
0.054

12
7.10
1.91
3.66

26

43

421
0.0

36

15
1.51
1.03
362
0.21
0.037
2.44
92

6.20
13.3
4.040
0.661
0.315

970
71.40
16.34
0.175

1.09
0.022

2.73

0.34

2.38

4.94
0.047

- 10
3.50
1.885
2.26

17
59
396
0.0
10
34
18
2.47
1.34
559
0.23

0.191
2.10

88

11.4

21.0
10.06
1.848
0.452
0.200
0.326



sio2
Al203
Ti02
FeQ*

cao
Mgo
K20
Na20
P205

Ni
Cr
Sc
Co

Sr
Nb
Cu
Zn
Fb
Th
Cs
Ba

Ta
HEf
Zr

Ce
Nd
Sm
Eu
Tb
Yb
La

19
73.46
14.64
0.166

1.09
0.019

1.58

0.25

4.22

4.01
0.038

10
2.60
2.65
1.92

15

96.25
204.0
4.4

21

22
7.48
0.48
S00
0.56
0.243
2.93
101

20.6
34.1
12.18
2.137
0.550
0.240

27
71.42
16.45
0.143

1.09
0.020

2.30

0.42

1.86

5.71
0.042

T11
1.19
1.59
1.75

59.72
421.4
3.2

31

38
3.93
0.98
223
0.48
0.235
2.60
100

1l4.2

27.3
9.490
1.596
0.454
0.149
0.178

61
74.95
14.13
0.054

0.34
0.007

1.17

0.01

5.31

3.49
0.004

0.51
0.35

96.41
217.6
0.0

10

30
4.48
0.29
673
0.51
0.020
1.98
49

5.27
9.06
3.250
0.517
0.396

68
74.20
14.35
0.085

0.69
0.00¢9

1.13

0.06

5.44

3.48
0.022

1.90
0.74
l.62
10
106
322
0.0
39
13
26
22.2
0.1l6
2024
1.20

3.11
98

35.4

6l.2
19.72
2.640
0.480
0.163
0.157
0.018

257

114
74.85
14.75
0.154

0.86
0.013

3.22

0.28

0.69

4.62
0.010

3.60
1.28
2.28
13
16.81
640.6
0.0
18

20

16
2.48
0.47
286
0.38

3.09
113

5.99
10.6
4.430
0.611
0.573

115
76.70
14.10
0.053

0.33
0.007

2.86

0.08

0.55

4.78
0.003

0.52
0.93
23
8.21
510.7
0.0
16

11

15
6.05
0.17
219
0.67
0.020
5.42
161

13.6
26.5
10.61
1.481
0.614
0.103

141
70.76
15.84
0.089

0.88
0.013

1.10

0.21

7.36

3.18
0.024

1.05
1.10
14
173
248
2.4

20

44
1.70
1.99
2132
0.48
0.304
0.858
43

3.69
6.47
2.630
0.493
0.769
0.101



8102

Al203

Ti02
FeO*x

cao
Mgo
K20
Na20
P205

Ni
Cr
Sc
Co

Sr
Nb
Ccu
Zn
Pb
Th
Cs
Ba

Ta
HE
Zr

Ce
Nd
Sm
Eu
Th
¥b
Im

25
75.74
13.73
0.168

0.91
0.018

2.58

0.75

0.96

4.58
0.032

14
13.8
2.40
7.87

18

42

412
0.0

10

i8

24
0.60
0.61

209
0.79

3.33
135

15.5
27.4
11.85
1.729
0.761

64
70.71
16.46
0.211

1.30
0.018

2.19

0.74

1.81

5.98
0.050

1.87
1.34
2.49
22
51
515
c.0
10
25
21
3.86
0.76
304
0.53
0.005
3.34
125

23.1

32.5
7.530
1.066
0.708
0.169
0.241

72
68.50
16.34
0.423

2.86
0.035

3.39

l.21

1.56

5.05
0.111

- 24
16.7
6.18
9.23
43
94.09
365.1
2.7
14

43

19
8.22
3.34
530
l.02
0.250
4.49
166

13.0
23.2
7.951
l1.412
0.570
0.136

78
71.585
15.99
0.170

1.27
0.018

2.88

0.53

1.70

5.29
0.068

17
18.6
1.50
3.40

21

56.52
379.3
0.0

15

26

25
5.17
1.22

361
0.53

3.02
106

22.9
43.3
14.88
2.326
0.554
0.178

258

140
73.20
13.77
0.255

2.68
0.089

1.97

0.23

3.77

3.45
0.052

12
6.29
3.61
2.87

93.37
199.4
4.8
38

36

23
9.34
1.35
764
0.49
0.189
12.40
402
53
67.5
140
53.99
9.690
1.914
1.370
5.480
0.636



sio2
Al203
Tio2
FeO*
Mno
cao
MgO
K20
NaZz20
P205

Ni
Cr
Sc
Co

Sr
Nb
Cu
Zn
Pb
Th
Cs
Ba

Ta
HE
2r

La
Ce
Nd
Sm
Eu
Th
Yb
Lu

67
61.09
l6.27
0.647

6.58
0.112

6.70

2.85

0.72

4.36
0.133

. 36
31.5
18.5
23.0
130
2.84
156.6
6.1

73
10
0.22

246
0.16
0.453
2.53
117
ié6
12.5
24.9
10.79
2.473
1.010
0.467
1.510
0.208

69
62.82
16.25
0.602

5.93
0.107

5.74

2.74

1.01

4.18
0.089

40
26.2
16.5
22.3
114
26.32
208.3
4.3
69
77
1l
0.74
1.18
276
0.23
0.366
3.17

157

14
11.8
20.6

9.930
2.251
0.746
0.408
1.300
0.173

70
60.94
17.60
0.603
5.79
0.104
6.25
2.49
0.80
4.75
0.125

32
45.0
15.4
20.3

101
6.05
377.5
3.0
i3

68

10

0.39
287
0.28
0.291
2.91
116

9.80

20.9
9.430
2.040
0.839
0.304
1.000
0.151

128
55.63
17.53
0.774

7.85
0.113

8.20

4.13

0.69

4.34
0.198

61
156
15.8
30.2
164
5.26
312.1
2.9

85

0.80
165
0.56
0.230
0.66
49

11
9.52
19.7
9.241
2.086
1.030
0.279
0.951
0.112

259

129
73.44
15.98
0.060

0.54
0.016

3.41

0.1l6

0.89%

4.99
0.004

l1.02
0.81
1.50

16

691
0.0
11

11

. 15
1.22
0.054
658
0.29
0.014
2.64
115

14.2

22.5
4.703
0.452
0.662
0.075
0.280
0.040

130
54.85
17.75
0.776

8.04
0.133

8.18

4.48

0.59

4.50
0.162

o1
169
22.2
30.9
159
4.84
285.0
3.1
9

21

8
0.17

175
0.11
0.197
0.98
54

12
9.85
21.2
11.16
2.700
0.947
0.399
1.030
0.137

131
53.70
17.48
0.870

g.11
0.129

8.91

5.12

0.68

4.29
0.180

104
190
22.8
33.9
193
2.17
308.2
1.7

96

0.28

136
0.15
0.254
1.41
76

11
9.90
22,2
11.16
2.517
1.150
0.410
1.090
0.154



sio2
Al203
Tic2
FeO*

CaO
MgO
K20
Na20
P205

Ni
Cr
Sc
Co

Sr

Cu
Zn
Pbh
Th
Cs
Ba

Ta
HE
ir

Ce
Nd

Eu
Th
Yh
Lu

133
59.92
17.56
0.710

6.48
0.104

4.90

3.42

2.08

4.16
0.128

&7
127
15.5
23.4
112
93.26
283.7
7.8
11
104
14
1.77
2.81
417
0.54
0.750
2.60
103

g
14.0
24.5
10.65
1.933
0.720
0.284
0.626

135
57.01
17.00
0.774

7.85
0.134

7.64

4.07

0.59

4.27
0.137

70
127
22.7
27.1
158
3.60
333.0
3.9
12
92

8
0.19

235
0.13
0.184
2.55
1le
17
9.68
23.5
14.15
3.285
1.130
0.550
1.520
0.199

136
66.01
16.88
0.683

3.79
0.063

4.68

1.79

0.47

5.01
0.088

29
9.20
7.61
12.3

68
0.76

703.8
0.5

23

49

10

358
0.21
0.216
5.84
284

7.08

11.6
5.050
0.976
0.511
0.103
0.210
0.041

137
56.84
17.00
0.767

7.86
0.123

7.54

4.08

0.68

4.45
0.126

74
138
20.6
28.2
131
6.95
340.6
4.4
10
86
10
0.31

423
0.19

2.00
107
12
13.0
22.4
11.62
2.308
0.879
0.377
1.009
0.138

260

138
57.55
16.27
0.750

7.83
0.136

7.96

3.99

0.33

4.49
0.157

61
119
25.1
29.4
145
0.248
261.5
3.0

82

127
0.15
0.184
1.50
75

14
7.30
16.5
8.820
2.238
0.909
0.383
1.264
0.198

139
56.74
16.86
0.750

8.01
0.136

7.90

4.15

0.64

4.15
0.126

77
140
21.8
30.6
155
11.02
309.0
3.9
22

89
J10
0.28

295
0.20
0.172
2.25
106
13
10.2
21.6
11.41%1
2.497
1.040
0.425
0.919
0.114



6 45 46 47 158

Sioz2 51.05 70.26 70.89 74.30 70.47
Al203 13.50 16.37 15.93 14.53 15.94
Tio2 1.217 0.211 0.243 0.110 0.255
FeO* 13.07 2.01 2.25 1.34 2.43
Mno 0.219 0.033 0.039 0.024 0.034
Cao 10.10 3.36 3.11 2.31 3.28

MgO 6.41 0.59 0.77 0.22 0.76
K20. 1.08 1.88 1.53 2.35 1.28
Naz20 2.71 4.70 4.64 4.27 4.96

P205 0.107 0.062 0.0685 0.020 0.063

Ni 78 11 19 7 16

Cr 189 2.39 9.60 1.50 7.97
Sc 41.8 1.85 2.24 1.55 3.06
Co 48.0 4.25 6.16 1.51 6.39
v 354 20 ls 5 29
Rb 6.37 80.96 108.10 60.87 87.0
Sr 94.8 209.9 199.1 173.1 191.9
Nb 4.7 6.7 5.9 9.1 5.9
Cu 79 5 5 8 7
Zn 90 44 47 32 50
. Pb 10 13 15 15 18
Th 0.76 4.35 6.26 9.12 4.21
Cs 3.33 5.28 1.30 .91
Ba 69 564 543 750 268
U 0.72 0.79 2.73 0.76 0.61
Ta 0.708 0.676 0.369 0.480
Hf 2.43 3.45 3.10 2.72 3.57
x 86 122 130 74 118
Y 29 '9 7 S 9
La 6.35 22.3 26.4 28.7 12.1
Ce 14.9 39.6 49.3 57.4 24.0

Na 12.54 13.09 16.15 17.41 9.120
Sm 3.924 2.074 2.474 3.069 1.961 .
Eu 1.030 0.779 0.683 0,955 0,608
Tb 0,850 0.306 0.346 0.265 0.331
Yb 2.655 0.870 0.644 0.335 0.612
Lu 0.360 0.117 :

261



5102
Al203
Tio2
FeO*

cao
MgO
K20
Na20
P205

Ni
Cr
Sc
Co

Sr
Nb
Cu
in
Pb
Th
Cs
Ba

Ta
Hf
Zr

La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

59
61.81
11.12
0.378

4.92
0.132

7.17

8.20

3.36

2.23
0.148

233
398
22.3
33.3
99
115
317
4.4

76
.13
7.32
1.26
748
0.66
0.520
1.91
77

10
24.8
52.1
24.85
4.058
0.901
0.473
0.577

143
70.54
14.17
0.546

4.02
0.166

2.85

1.41

1.58

4.06
0.126

25
15.5
12.2
11.8

46

133
109
15.1
185

85

30
7.28
6.40

168
3.02
1.230
9.13
296

61
37.0
80.7

38.86
8§.190
1.260
1.470
6.320
0.742

54
76.57
11.79
0.377

3.50
0.069

0.83

2.12

3.10

1.05
0.056

15
6.20
5.78
3.56

18

80

31
47.9

224
20
11.4
6.60
498
3.14
0.218
13.83
397
129
63.5
139
65.00
17.50
2.810
3.450
8.390
1.547

66
81.63
9.97
0.210
1.23
0.019
1.72
0.56
l.61
2.49
0.026

25
43.6
4.10
6.63
37
60
353
2.9
15
37
18
3.36
1.92
653
0.97
0.260
2.23

88

14.5

28.5
13.51
2.230
0.587
0.256
0.473
0.058

262

155
60.61
l16.42
0.378

5.61
0.051

1.40

8.59

2.36

3.98
0.062

18
8.70
2.22
13.5

63

69

211
0.8

98

1.50
2.46
408
0.36
0.084
3.16
117

16.4
30.8

1.500
0.444
0.166

156
61.36
17.89
0.709

4.91
0.045

3.53

3.93

0.98

5.87
0.239

27
33.0
12.2
16.2

100

26
476
2.7

63

47

12
1.46
0.80

290
0.43
0.099
4.24
165

10
28.0
57.4

25.20
4.430
1.110
0.399

0.107

73
49.9%0
15.45
0.720
10.38
0.188
11.25

7.75

0.88

2.91
0.048

87
249
40.4
46.9
238
10
79.0
0.7
L3
73
18
0.48

32
0.68

1.31
51
20

2.87

7.71

1.870
0.630
0.454
1.600
0.219



206Pb 207Pb 208Ph 878/ 87Rb/86Sr B87Rb/86Sr 143Nd 1475m
Gay 204Pb 204FPb 204Fb /865r (meas) (calc) 144N4 144Nd
1 13.643 14.342 35.590 0.715414 0.3180 0.3280 0.510371 0.0824
2 19.492 15.707 33.673 0.714865 nd 0.3052 0.511315 0.1253
3 12.241 14.308 32.859 0.718687 nd 0.4027 0.510210 0.1072
4 14.764 14.587 34.587 0.713401 nd 0.2537 0.510571 0.0944
5 13.257 14.328 33.465 0.714262 0.2876 0.2633 0.510399 0.0844
10 14.948 14.615 33.275 0.707212 0.1559 0.1559 0.510870 0.1043
12 13.262 14.291 34.227 0.713061 0.2291 0.2458 0.510281 0.0724
13 12,990 14.245 33.305 0.711047 nd 0.2143 0.510693 0.0987
14 13,107 14.250 33.500 0.707224 nd 0.1158 nd nd
15 12.900 14.170 32.554 0.711258 0.2185 0.2272 0.510352 0.0780
16 13.406 14.278 34.319 0.710707 0.2068 0.2183 0.510751 0.0997
17 13,151 14.24% 33.809 0.714239 0.2885 0.2834 0.510685 0.0856
i8 13.091 14.207 234.026 0.71399%4 0.2590 0.2674 0.510658 0.0939
20 12.910 14.128 33.0zZ2 0.725503 0.6573 0.6873 0.510273 0.0765
21 13.631 14.244 35.252 0.723586 0.5196 0.5219 0.510523 0.0855
22 13.828 14.39%0 33.581 0.706609 0.1043 0.1220 0.510600 ©0.0918
24 13.584 14.307 33.077 0.712089 nd 0.2332 0.510502 0.0875
a4 15.604 14.907 36.309 0.723601 0.4940 0.5066 0.510728 0.1005
35 13.853 14.432 135.198 0.710238 ¢.2021 0.2127 0.510467 0.0818
36 14.778 14.595 38.150 0.718381 0.3855 0.4014 0.510747 0.1020
39 16.800 14.947 33.836 0.707544 0.1146 0.1212 0.511162 0.1223
40 15.971 14.909 36.667 0.709372 nd 0.1488 nd nd
42 16.183 14.892 38.441 0.742874 nd 0.9762 nd nd
43 15.226 14.658 33.529 0.749514 nd 1.0017 0.511476 0.1412
44 18.727 15.16% 36.763 nd nd nd nad
57 13.284 14.318 33.017 0.717445 nd 0.3852 0.510585 0.1124
58 13.092 14.231 33.118 0.708999 nd 0.1662 0.510451 0.0847
59 14.671 14.522 34.634 0.744332 nd 1.0539 0.510742 0©0.0987
60 13.203 14.289 33.203 (0.711614 0.2207 0.2261 0.510071 (Q.0731
80 13.523 14.330 33.137 0.716357 0.3199 0.3403 0.510847 0.1076
85 13.806 14.380 36.812 0.707731 0.1358 0.1399 0.510368 0.0768
86 15.708 14.872 135.984 0.723057 0.4340 0.4716 0.511198 0.1352
87 14.030 14.472 34.327 0.729272 0.6535 0.6689 0.510530 0.0945
88 14.227 14.565 34.147 0.716618 0.3202 0.3327 0.510886 0.1085
89n 14.630 14.665 34.540° 0.716232 nd 0.3453 0.510592 0.0932
89B 19.084 15.577 136.748 0.723863 0.4443 0.5024 0.511213 0.1232
LY 14.271 14.459 35.993 0.713576 0.2596 0.2719 0.511296 0.1376
91 14.319 14.4B7 34.375 0.716393 0.3207 0.3237 0.510822 0.1072
92 13.654 14.358 39.929 0.713803 0.2416 0.2597 0.510255 0.0761
93 13.129 14.263 32.853 0.714145 0.2728 0.3062 0©0.510325 0.0825
94 12.906 14.3191 33.094 0.711l928 Q.2278 0.2465 0.510262 0.0712
lo3 13.255 14.227 32.876 0.710497 0.2011 0.2129 0.510777 0.1020
111 13.257 14.228 32.927 0.709220 0.1804 0.1788 0.510521 0.0871
112 12.980 14.094 33.088 0.705042 0.0685 0.0746 0.510562 0.0962
113 13.342 14.229 35.195 0.706806 0.1093 0.1176 0.510232 0.0720
1ls 13.629 14.324 38.463 0.705432 0.0718% 0.0807 0.509771 0.0503
118 14.597 14.562 34.293 0.704901 0.0669 0.0718 0.510853 0.1100
120 12.810 14.222 33.182 0,7099%82 0.1815 0.1944 0.510432 0.0848
121 13,533 14.348 33.821 0.714804 0.2642 ¢.2797 0.510767 0.1006
122 13.853 14.443 35.329 0.713134 nd 0.2151 0.510598 0.0904
123 16.630 15.097 35.584 0.738755 0.7643 0.8075 0.511392 0.1350

263



206Fb 207FDb 208Fb B7Sx/ 87Rb/B65r 87Rbh/B6ST 143Nd 1478m

c87 204Pb 204Pb  204Pb /B6ST  (meas) (calc)  144Na 144Nd
124 nd nd nd nd nd nd 0.510703 0.0992
127 16.125 14.878 34.272 nd nd nd 0.510308 0.0763
142 14.488 14.150 35.040 0.808070 nd 2.4433 0.511012 0.1088
144 13.328 14.560 33.126 0.712156 0.2265 0.2314 0.511060 0.0559
145 13.71 14.52 33.41 0.719153 0.3911 0.4051 0.511000 0.1182
146 14.606 14.579 34.081 C©.723607 0.4909 0.5018 0.510942 0.1104

147 nd nd nd nad nd nd nd nd
148 17.330 15.229 37.829 0.720074 nd 0.4396 0.510959 0.1138
149 17.160 15.207 37.846 0.721812 nd 0.4846 0©0.511008 0.1221
150 13.422 14.300 33.109 0.718165 0.3442 0.3629 nd 0.4498
151 17.687 15.288 34.585 0.735000 0.7040 0.7352 0.511466 0.,1444
152 13.806 14.456 33.226 0.702369 0.0340 0.0435 0.511375 0.1345
153 13.444 14.320 33.142 0,7158B02 nd 0.3038 nd nd
154 13.626 14.343 33.424 0.722084 0.4716 0.4823 0.5310806 10,1132
964 13.152 14.114 33.525 0,709842 nd 0.2034 ©0.510824 0.1007
865 13.425 14.163 33.004 0.707159 0.1156 0.1209 0.511750 0.1542
966 14.707 14.437 33,655 0.712436 nd 0.2564 0.510698 0©0.0989
968 13.617 14.202 33.615 (.716840 nd 0.3726 0.510549 0.0964
969 13.505 14.168 33.312 0.714622 nd 0.2969 0.510550 0.0989
970 14.738 14.441 33.441 0,719369 nd 0.4318 0.510922 0.1110
45 nd nd nd nd 1.1203 1.157%0 0.510825% 0.,0958
46 17.364 14.815 34.186 0.763801 1.5795 1.5863 0.510765 0.0926
47 14.795 14.387 37.282 0.734938 nd 1.0449 0.510988 0.1065
158 13.681 14.039 33.368 0.757554 1.3180 1.3277 0.511361 0.1300
1% 13.566 14.301 34.374 0.761647 1.3727 1.4127 0.510833 0.1061
27 12.476 13.673 33.324 0.725118 nd 0.4356 0.510322 0.1017
61 13.297 14.207 33.298 0.760241 1.2882 1.3214 0.510658 0.0963
68 14.254 14.583 44,764 0.741687 nd 0.9561 0.510282 0.0809
114 13.279 14.188 33.739 0.707477 0.0759 0.0918 0.510561 0.0833
115 13.857 14.307 34.606 0.705527 0.0465 0.0617 0.510433 0.0843
141 12.313 13.448 32,643 0.794307 nd 2.0365 0.510853 0.1135
6 17.491 15.265 35.940 0.711647 0.1947 0.2694 0.512%520 0.1896
41 15.884 14.8B03 33.639 0.721%82 0.2226 0.4417 0.512066 0.1686
54 17.434 14.901 37.875 nd nd nd 0.511613 0.1455
66 14.114 14.353 33.919 nd nd nd 0.510%20 0.0998
143 17.134 15.000 34.686 0.710297 nd 3.5331 0.511531 0.1332
25 13.481 13.961 34,948 0.723747 nd 0.2956 0.510112 0.0882
64 13.004 13.951 33.391 nd nd nd 0.509904 0.0855
78 12.641 13.784 33.829 0.725008 nd 0.4461 0.510219 0.0944
140 12.159 13.544 34.981 0.730725 1.3643 1.3567 0.510643 0,.1085
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206Pb  207Pb  208Pb  87Sr/ 87RbL/86Sr 87Rb/BESr 143Nd 1478w

G87 204Pb  204Pb  204Pb /865r  (meas) (calc)  144Nd 14484
67 13.263 14.302 32.843 0.703691  0.0564 0.1028 0.511443 0.1384
69 13.916 14.447 33.976 0.716750 nd 0.3938 0.511532 0.1472
70 13.529 14.410 23.103 0.703541  0.0464 0.0540 0,511394 0.1308
128  14.390 14,614 33.272 0.704144  0.0487 nd 0.511452 0.1368
129  13.167 14.306 33.244 0.703251 nd 0.0377 0.509303 0.0581
130 12.951 14.247 32.926 0.702235 0.0491 0.0419 0.511390 0.1462
131 13.120 14.290 32.848 0.702358 0.0204 0.0471 0.511390 0.1362
133 14,054 14.388 33.841 0.743716 0.9546 1.0458 0.510992 0.1097
135 12.876 14.173 33.559 0.703883 nd 0.0695 0.511487 0.1402
136 13.005 14.257 32.972 0.701918 0.0031 0.0165 0.511050 0.1166
137 13.067 14.268 33.388 0.704123 0.05%0 0.0782 0.510955 0.1200
138 12.690 14.175 32.586 0.7014B2  0.0034 0.0113 0.511734 0.1531
139  12.277 14.268 33.640 0.704153 nd 0.0656 0.511358 0.1323
266926 13.591 14.361 33.171 nd nd nd  0.511536 0.1450
341901 13.534 14.421 32.930 nd nd nd  0.510911 ©5.1136
341911 14.628 14.781 42.248 nd nd nd  0.510720 0.0999
341918 13.390 14,400 33.346 nd nd nd  0.511225 0.1236
341919 13.341 14.390 32.891 nd nd nd  0.510479 0.0885
341938 27.002 17.432 40.499 nd nd nd nd nd
341939 13.970 14.503 33.777 nd nd nd  0.511547 0.1422
341971 24.744 16.835 36.323 nd nd nd  0.512881 nd
341976 13,034 14.328 34.566 nd nd nd  0.510218 0.0749

265



APPENDIX 5.
CIPW Norms

C.1.P.W. norms were calculated using the programme '"NEWPET' written by D.
Clarke. The major element data differ slightly from those reported in Appendix
4 because i} iron has been divided into ferrous and ferric (Fezo3 = 0.25 * FeO,
except for samples analyzed by A. Stelmach) in the manner described in
Chapter 3 under ‘Classification’ and ii) the data have been recalculated on an
anhydrous basis.

The following key has been used:

Symbo! Mineral
Q Quartz
Cc Corundum
Z Zircon
Or Orthoclase
Ab Albite
An Anorthite
DI Diopside
Hy Hypersthene
Ol Olivine
Mt Magnetite
Il limenite
Ap Apatite

Normative minerals are in weight percent, An {%) and Ab-Or-An data calculated

from molecular %
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APPENDIX 6.

Whole-rock normalized plots

This appendix includes chondrite-normalized REE patterns and spidergrams of

selected sambples.
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