Mineralogic and Petrologic Studies of Archaean Metamorphic
Rocks from West Greenland, Lunar Samples, and the

Meteorite Kapoeta

Thesis by
Robert F. Dymek

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

1977

(Submitted May 18, 1977)



ii

ACKNOWLEDGEMENTS

Professor A. L. Albee has provided me with the freedom and
opportunity to become involved in several research projects during my
tenure as a graduate student. This is reflected in the triptych nature
of my dissertation, which evolved with his enthusiastic support. I
extend my thanks to him, and also to Professor G. J. Wasserburg, for
encouraging me to pursue this broad-based research program. The inten-
sity with which they approach their own work has been an inspiration
to me, and I am pleased to have had the opportunity to be associated
with them. Their forthright criticisms, albeit frustrating at times,
forced me to reconcile many of my not so solid ideas with the data and
observations in hand. I thank them for their patience in these matters.

Much of my learning has occurred through discussions with col-
leagues and fellow students over the last five years. I extendvmy
thanks in particular to Drs. A. J. Gancarz and J. C. Huneke for their
contributions in relation to the study of lunar samples and meteorites,
and to Ms. Jo Laird and Mr. T. C. Labotka for their assistance with
problems related to metamorphic rocks and the microprobe.

All of the amnalytical data presented in this thesis were acquired
with the Caltech electron microprobe which is under the skilled super-
vision of Mr. A, A. Chodos., Without his careful maintenance of the
microprobe laboratory, this work could never have been completed.

I would also like to thank my co-authors of the papers in Parts
II and III for allowing me to include these articles in my thesis.
Pergamon Press has granted me written permission to reproduce them

herein in unmodified form.



iii

This research has been supported by grants from the National
Science Foundation (GP-28027, GA-31729, DES-75-03417) and the National
Aeronautics and Space Administration (NGL-05-002-188, NGL-05-002-338).
Although the work presented in Part I is based on studies of samples
collected during the summer of 1973 under the auspices of the NSF-funded
"Project Oldstone,' some of the conclusions were made possible by
examination of material supplied to me at a later time by the Geological
Survey of Greenland (GGU), and by examination of samples collected during
the summer of 1975 during which I was supported by GGU in the field. The
microprobe laboratory has been developed through the generous support of
the National Science Foundation, the Jet Propulsion Laboratory, and the

Union Pacific Foundation.



iv

ABSTRACT

In Part I of this thesis, petrographic and electron microprobe
data are reported for samples from a series of high-grade Archaean
gneisses, collected on Langd, an island in the northwest corner of the
Godth8b District of West Greenland. Rocks with a wide variety of bulk
compositions occur that all preserve evidence for two distinct episodes
of metamorphic mineral growth. Syn- to post-tectonic hornblende-
granulite grade metamorphism (MI) was followed by post-tectonic amphi-
bolite grade metamorphism (MII) at a later time. In potassium feldspar-
bearing gneisses, MI assemblages, in addition to quartz and plagioclase
are: garnet + biotite (brown) + sillimanite; cordierite + biotite
(brown) + sillimanite; and biotite (brown). In potassium feldspar-
free gneisses, MI assemblages, in addition to quartz and plagioclase
are: cordierite + garnet + biotite (brown); and orthopyroxene +
biotite (brown) + cordierite. As a result of MII, cordierite and
garnet have been replaced by kyanite + biotite (green). Brown biotite
is Ti-rich (>1.0 wt % TiOz), whereas green biotite is Ti-poor (£1.0 wt %
TiOz), and an examination of biotite analyses suggests that Ti is
incorporated in that mineral via a vacancy-forming substitution. 1In
mafic rocks, MI assemblages include various combinations of hormblende
(green-brown) + clinopyroxene + orthopyroxene + garnet + biotite, with
plagioclase and rarely quartz. However, garnet and clinopyroxene do
not occur together. As a result of MII, pyroxene has been replaced by
calcic amphibole that differs in color (pale green to blue green) and

composition (Na, K, Al, Ti are lower; Si, Mg, Fe3+ are higher) from the
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MI varieties. MI hornblende and plagioclase have an extremely large
compositional range, which correlate with one another in terms of
Al/(A1+Si) and Na/(Na+Ca), and suggest that their compositions are
controlled by rock composition, and not by metamorphic grade at these
conditions.

The composition of coexisting pyroxenes, the position of the
kyanite-sillimanite boundary, and the composition of garnet (cores)
and cordierite constrain the pressure and temperature for MI to lie
between “7-8 kb and “v700-800°C. Temperatures calculated from Fe-Mg
partitioning between garnet (rims) and MII biotite suggest "450°C for
MII, and the occurrence of kyanite would indicate a pressure of 3-4 kb
for this temperature. The MI event can be ascribed with certainty to
regional metamorphic-magmatic activity at ca. 2.8 AE (Black et al.,
1973) , whereas MII may correspond to regional heating during the
emplacement of the Qérqut Granite at ca. 2.5 AE (Baadsgaard and
Collerson, 1976), or to a regional thermal event at ca. 1.6 AE
identified in isotopic studies (Pankhurst et al., 1973).

The pressure and temperature estimated for MI imply a thermal
gradient of ca. 30°C/km, and a minimum crustal thickness of 20 km at
the time of metamorphism. The petrologic characteristics of MI are
similar to medium-P facies series metamorphism found in younger orogenic
belts, and nothing "unique'" can be ascribed to this Archaean meta-
morphic event, based on the presently-available data and observations.

Parts II and III of this thesis are a series of published papers
that involve mineralogic and petrologic studies of Apollo 15, 16, and

17 lunar samples and the meteorite Kapoeta.
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PART 1I:

Mineralogic and Petrologic Studies of High-Grade Polymetamorphic

Archaean Gneisses from Langd, West Greenland.



CHAPTER 1

I. INTRODUCTION

A. Prologue

In the last several years, the early history of the earth and
the nature of its lower crust have been the subject of intense study
(Windley, 1976; Moorbath, 1977). Ancient Archaean rocks, whose ages
overlap the time of lunar magmatic activity, have now been reported
from most of the world's Precambrian cratons. Such rocks can yield
important information on the early chemical and thermal evolution of
the crust, and provide a critical test for the basic geological
principle of uniformitarianism.

Studies of xenoliths in diatremes throughout the world suggest
that granulite grade assemblages predominate in the lower crust. How-
ever, the small numbers of such samples make detailed systematic
investigation difficult.

A large proportion of the world's Precambrian cratons are com-
prised of granulite grade gneisses (Oliver, 1969; Clifford, 1974).
Thus, through uplift and erosion, such areas provide a "window" to deep
crustal rock types.

This work is concerned with a sequence of Archaean granulite
grade gneisses from West Greenland, and will address itself in part to

the two issues outlined above.



B. West Greenland Archaean

Approximately 907 of the West Greenland Archaean craton is com-
prised of a series of complexly-deformed, migmatitic quartzofeldspathic
gneisses that appears to be derived from suites of calc-alkaline intrusive
rocks. Within the Godth8b District (Fig. 1-1), two major groups of
gneisses with different ages have been identified in the field (McGregor,
1973). The stratigraphically older group, the Amitsoq gneisses, has
yielded isotopic ages of ca. 3.7 AE by a variety of techniques (Moorbath
et al., 1972; Baadsgaard, 1973; Gancarz and Wasserburg, in press). The
stratigraphically younger group, the Nilk gneisses, has yielded isotopic
ages of ca. 2.8 AE (Moorbath and Pankhurst, 1976; Baadsgaard and
Collerson, 1976).

Scattered throughout these gneisses are areas of metamorphosed
mafic volcanic rocks, and pelitic and aluminous metasedimentary rocks
collectively known as the Malene Supracrustals (McGregor, 1973). These
are stratigraphically older than the Nik gneisses, but their age relative
to the Amftsoq gneisses is ambiguous in the field. However, reconais-
sance U-Pb studies on zircons separated from samples of the Malene
Supracrustals in one small locality yield ages of V2,6 to 2.9 AE which
are distinctly younger than that of the Amitsoq gneisses (Baadsgaard
and Collerson, 1976).

This entire gneiss-supracrustal sequence was subjected to wide-
spread regional metamorphism at ca. 2.8 AE (Black et al., 1973) that
was in part coincident with the formation of the igneous parents of the
Nik gneiss, and locally reached granulite grade. A detailed discussion

of the geochronologic/lithostratigraphic relationships in this area can



Figure 1-1:

Generalized map illustrating the position of the
Archaean craton of West Greenland and localities
therein. The area mapped by McGregor (1973), in which
the chronology of the area is worked out in detail, and

the area mapped by Berthelsen (1960) are indicated.
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be found in McGregor (1973), Bridgwater et al. (1974), and Bridgwater
et al. (1976).

Despite the tremendous recent interest in this area, engendered
for the most part by the discovery of the ancient Amitsoq gneisses, very
little attention has been paid to the petrologic aspects of the litho-
logies exposed there. A knowledge of phase assemblages and mineral-
chemical relationships in these gneisses would increase substantially
our understanding of metamorphic processes that operated during this
segment of the Archaean. In addition, a knowledge of the physical con-
ditions accompanying metamorphism will help to constrain models for the
early evolution of the crust.

I have, therefore, initiated a project to examine in detail the
variations in metamorphic conditions throughout the Godth8b District,
with emphasis on the Malene Supracrustals. The results reported here
represent the first phase of that study.

The area selected for study was Langd, a small island in the NW
corner of the GodthSb District that forms part of a complex dome struc-
ture at Tovqussaq. It was mapped in detail by Berthelsen (1960), hence
the geological relationships are largely known.

In summary, the main purpose of this project is threefold:

1) increase our knowledge of the geological evolution of West

Greenland;
2) increase our understanding of granulite grade metamorphism; and

3) increase our understanding of the early evolution of the earth.



CHAPTER 2

II. GEOLOGIC SETTING

A. Tovqussap Nuna

The region of Tovqussap Nuna (= Tovqussaq Land) (see Fig. 1-1)
is a typical Precambrian high-grade migmatitic gneiss-pyribolite ter-
rain. Berthelsen (1960) mapped the region in detail and recognized eight
lithostratigraphic units that could be traced continuously over a large
area, together with small bodies of syn- to post-tectonic pyroxene
diorite. A simplified version of a portion of Berthelsen's map is
given in Figure 2-1, and general descriptions of these lithologies are
presented in Table 2-1., The persistent nature of these gneiss units
allowed Berthelsen to outline the presence of a dome structure centered
near Tovqussaq Mountain, and a number of folded synforms and antiforms
surrounding the dome. The Tovqussaq structure is one of a series of
domes and basins that formed throughout the Archaean craton of West
Greenland during the waning stages of prolonged extensive deformation
approximately 2800 m.y. ago (Bridgwater et al., 1976).

On the basis of detailed fabric analyses, Berthelsen (1960)
recognized four distinct phases of deformation that led to the develop-
ment of the structures observed at Tovqussaq, and culminated in wide-
spread granulite-grade metamorphism.

The first phase - Midterhoj - was characterized by NW-SE trending,
subhorizontal isoclinal folds of large dimension (>5 km) and was infer-
red to have occurred under low P-T conditions. The second phase -

Smalledal - was characterized by plastic deformation associated with



Figure 2-1: Generalized geological map of the area around
Tovqussaq Mountain showing concentric arrangement of
the eight principal lithgstratigraphic units that
comprise the Tovqussaq structure (modified from

Berthelsen, 1960).
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TABLE 2-1: BRIEF DESCRIPTIONS OF

PRINCIPAL LITHOLOGIES AT TOVQUSSAQ*
Central Dome (core rock): Medium-to coarse-grained, greenish-brown to purple, homogenous quartz
diorite gneiss characterized by nebulitic shearfolds. It grades outward into pale granodioritic
to granitic gneiss. The latter types separate the core from enclosing pyribolite.
Interior Pyribolite: Medium to coarse-grained, black to greenish, banded mafic gneiss comprised
of pyroxene, hornblende and plagioclase that enclose meter size blocks of ultramafic rock locally.
Comformable layers of pyroxene diorite are present.
Frame Layer: Medium to coarse-grained brown to pale, layered quartzofeldspathic gneisses that
range from biotite-bearing types to orthopyroxene-bearing types. Garnet occurs locally in all
lithologies. Some layers are characterized by abundant inclusions of anorthositic rocks and/or
rafts of pyribolite. Most of the gneisses are migmatitic, and the contact with the inner pyribolite
is agmatitic.
Little Pyribolite: Similar to 2.
1st Intermediate Layer: Fine-to medium-grained pale biotite granodioritic gneiss. Contacts with
surrounding pyribolite units are sharp and appear to have been the locus of fault movement.
Great Pyribolite: Medium-to coa;se-qrained mafic gneiss characterized by intercalations of
pyroxene diorite, calc-silicate layers, and abundant pods of ultramafic rocks. Gneiss ranges from
highly banded to homogenous.
2nd Intermediate Layer: In northern and eastern portion of dome, this unit is a medium-grained
pale biotite granodioritic gneiss containing scattered conformable layers of pyribolite. In south,
it is a medium-grained pale quartz diorite gneiss containing various combinations of orthopyroxene,
hornblende, and biotite; conformable pods and layers of garnet-biotite gneiss and pyribolite also
occur here. The western portion is a quartz dioritic to granodioritic gneiss that contains layers
of pyribolite, garnet-biotite-sillimanite gneiss, calc-silicate bands, and cordierite-bearing
hypersthene gneiss; pyribolite layers enclose pods of ultramafic rocks.
Pas Pyribolite: Ranges from homogenous banded mafic gneiss that contains pods of ultramafic rocks
locally on the northern and eastern part of the dome to a mixed pyribolite-hypersthene-biotite
dioritic gneiss on the west portion of the dome. This western mixed gneiss contains conformable
layers of calc-silicate rock, red-colored nodular-weathering hormnblende pyroxenite, and some
scattered rafts of anorthositic roéks.
Pyroxene Diorites: These include syntectonic coarse-grained rocks that range from foliated types
conformable with enclosing pyribolite to massive, semi-concordant to trangressive bodies that

appear to be late to post-tectonic intrusions.

Modified from Berthelsen (1960).
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NE-SW trending recumbent folding that led to the development of happes.
Extensive migmatization accompanying amphibolite grade metamorphism
set up conditions that brought about the diapiric rise of the core
gneisses to form the Tovqussaq dome at this time. The Pakitsdq phase
was characterized by refolding along SE- to S-plunging folds under “
conditions of granulite grade metamorphism. Berthelsen (1960) suggested
that these three phases represent parts of the same prolonged orogenic
cycle accompanied by progressive metamorphism up to granulite grade.
Near the conclusion of deformation, small bodies of pyroxene diorite
were emplaced.

The last phase of deformation - Posthumous - had only negligible
effect upon the earlier-formed structures. It resulted in retrograde
metamorphism, emplacement of microcline pegmatites, local shear folding,
and the formation of mylonites. The Posthumous phase clearly developed
over an extended period of time and over a wide range of conditionms,

since, for example, plastic shear folding and brittle failure associated

with the formation of mylonites, seem to imply quite different stress

regimes.
B. Langg

Langd is a small, elongate island (“v1/2 x 3 km), characterized
by low elevations, low relief, and excellent exposure (Fig. 2-2). It
occurs along the Western flank of the Tovqussaq dome and is oriented
parallel to the strike of the three main lithostratigraphic units that

comprise it (Fig. 2-1). Berthelsen (1960) mapped Langd in considerable
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Figure 2-2:

Aerial photograph of a portion of Tovqussap Nuna

looking East across Langd, the low-lying island in
the foreground. The center of the dome structure is
on the southern slope of Tovqussaq Mountain, in the

upper left of this view.
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detail (1:4,000), and a somewhat simplified version of his map is
illustrated in Figure 2-3.

The Pas Pyribolite exposed on Langd ranges from a homogeneous,
layered hornblende-pyroxene-plagioclase gneiss (Figure 2-4A) to a mixed
rock series consisting of biotite grandioritic gneiss containing cm to
meter size layers of pyribolite (Figure 2-4B). Thicker (up to 50 m)
layers of concordant biotite grandiorite gneiss are also present. A
V10 meter wide band of calc-silicate rock crops out along the center
of this unit, and conformable layers consisting of elongated pods of
red-colored, nodular-weathering hornblende orthopyroxenite also occur.
A few of the pyribolite layers are garnet-bearing.

The 2nd Intermediate Layer includes distinct conformable horizons
of biotite grandodioritic gneiss, hypersthene-bearing tonalitic gneiss,
garnet ''granulite" (=garnet-biotite-sillimanite gneiss), and pyribolite.
The NE-SW trending contact between the garnet granulite horizon and the
hypersthene gneiss horizon near Nordnor is related to intense tight
folding associated with a plunging synform (Berthelsen, 1960). A few
scattered meter-sized calc-silicate layers are also present in the
northern portion of the 2nd Intermediate Layer, and the southernmost
exposure of garnet granulite contains enclaves and layers of a char-
acteristic red-weathering cordierite-orthopyroxene gneiss. The
pyribolite horizons habitually contain scattered inclusions of horn-
blende peridotite.

The pyroxene diorite near Nordnor is a massive equigranular
coarse-grained hornblende-pyroxene-plagioclase rock that is unfoliated

but displays a faint lineation locally, All exposed contacts are sharp
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Figure 2-3: Geologic sketch map of the principal lithologic units

exposed on Langg.
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Figure 2-4: Photographs illustrating contrasting appearance of two
outcrops of the Pas Pyribolite on Langd (hammer handle is
40 cm long).
A) Homogeneous, dark layered mafic gneiss.
B) Folded, migmatitic gneiss comprised of thin dark

pyribolite layers in a quartzofeldspathic matrix.
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Figure 2-4B
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and underformed but the diorite is locally discordant to the sur-
rounding gneisses. It contains abundant angular meter-size and smaller
gneiss inclusions, mainly pyribolite, that are largely unaffected by
the diorite, although a biotite selvage was observed around one.
Apophyses of the diorite extend into the gneiss, and small pockets of
presumably late-stage pegmatitic material with bladed biotite (up to
10 cm long) are present. The overall features of the Nordnor diorite
suggest that it is a post tectonic minor intrusion, although Berthelsen
(1960) indicated that it was of replacement origin based on the similar-
ity in the orientation of fold axes between inclusions in the diorite
and surrounding gneiss.

The Great Pyribolite is a black massive to layered hornblende-
pyroxene plagioclase gneiss that locally contains garnet-bearing layers.
A few conformable layers of small ultramafic pods were observed and a
pyroxene diorite horizon crops out along its entire length. This
diorite is much paler than, and has been deformed along with, the
enclosing pyribolite. The latter relationship contrasts this diorite
with the one near Nor@nor.

Although only three of the eight principal lithostratigraphic
units that comprise Tovqussap Nuna occur on Langd, the variations within
these three units are similar to the total range observed in the lith-
ologies throughout the area. This becomes apparent upon reading
Berthelsen's thin section descriptions which also serve to bring out
the polymetamorphic nature of the rocks. The fact that the gneisses are
layered on a scale that ranges from cm to tens of meters allows one to

sample a variety of rock compositions at each locality.
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This lithologic variation, the complex nature of the samples
described by Berthelsen, the good exposure and favorable physiographic
features made Lang¢_a prime target for detailed sampling for petrologic
study prior to the onset of field work during the summer of 1973. Con-
sequently, a comprehensive suite of 69 samples was collected on Langd,
and augmented in part by material supplied courteously by the Geological

Survey of Greenland.
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CHAPTER 3

ITI. PETROGRAPHY

A, Introductory Statement

For the purpose of understanding the metamorphic evolution of
Langd, the various samples have been classified according to observed
mineral assemblages, and divided into eight groups. A tabulation of
modal mineralogies and the corresponding petrographic group are given
in Appendix I, and locations of the samples are illustrated in Figure
3-1. Rather than presenting petrographic descriptions of individual
samples, the features of each group are summarized as a whole in this
section. In addition, a limited amount of compositional data are
presented where it is considered relevant to the description. A de-
tailed discussion of mineral chemistry is given in Chapter 4. Note
that the few samples of ultramafic rocks that were collected are not
included in the presentation here.

Throughout the text, constant emphasis will be placed on the
polymetamorphic character of the samples. The first episode of
metamorphic mineral growth will be referred to as "primary" or "MI",
and the second episode of metamorphic mineral growth will be

referred to as "secondary" or "MII".

B. Potassium Feldspar Gneisses

1. General Overview

These are typically fine- to medium-grained leucocratic rocks

in which the amount of quartz and feldspar generally exceeds 90%. The
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Figure 3-1: Sketch map of Langd illustrating locations where samples

were collected (compare with Fig. 2-3).
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samples were collected from various layers within the biotite gneiss

and garnet granulite lithologies. Variations in the modal abundances

of quartz, plagioclase, and potassium feldspar indicate that the samples
range from tonalite through granodiorite to adamellite, but no petro-
genetic implications should be inferred from this.

Several percent biotite occurs in all samples, and scattered
cm-size crystals of burgundy-colored garnet are present in a few. Very
fine-grained, fibrous sillimanite is found along foliation planes in
garnet-bearing samples, and traces of kyanite, white mica, ilmenite,
magnetite, hematite, chlorite, zircon, and apatite have been observed
in thin section. Relic cordierite has been identified in one sample,
but no orthopyroxene has been found, although its former presence can
be inferred on the basis of textural criteria to be discussed shortly.
Although it is difficult to ascertain the nature of the protolith of
these samples, the overall fine grain size and highly aluminous and
siliceous compositions suggest that these gneisses may be derived from

a series of felsic volcanic rocks and/or pelitic sediments.

2. Petrography and Mineralogy

The texture of these gneisses ranges from lepidoblastic to
granoblastic, and is characterized by irregularly-shaped, sutured
grain boundaries among quartz, feldspar, and biotite (Figure 3-2A).
Foliation, where observed, is marked by the parallel alignment of
grains of biotite and/or sillimanite. Quartz also shows preferential

orientation locally, but the feldspars tend to be randomly oriented.
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Photomicrographs of textural features in potassium
feldspar gneisses (A, B - transmitted cross-polarized
light; C, D ~ transmitted, plane-polarized light; all
bar scales = 100 pym).

A) Typical texture of potassium feldspar gneiss. Note
smooth to irregular grain boundaries, strain bands in
quartz, and grid twinning in microcline (sample 24D).

B) Antiperthite consisting of patches of alkali feldspar
in a plagioclase host (24D).

C) Tabular, dark-brown and TiOz—rich biotite. These are
grains of primary biotite that are aligned parallel
to the foliation in the sample (27).

D) Aggregate of pale greenish-brown, TiOz—poor secondary

biotite. These are intergrown with quartz and radiate

from a "nucleus" of magnetite (36B).
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Mosaicism and recrystallization of the quartz and feldspars have
resulted in widespread reduction in average grain size, although the
extent to which these processes occurred varies tremendously from
sample to sample. A relic polygonal, granulite-like texture with
straight to slightly-curved grain boundaries and 120° triple junctions

is present in a few samples. There appears to be an overall transition

from a coarse polygonal texture, to mortar texture, to finer-grained
recrystallized material. In addition, most samples preserve evidence
for two episodes of mafic mineral growth.

Quartz ranges from elongate lobate grains that parallel the
foliation to irregularly-shaped, ameoboid grains with local tiny
apophyses that project outwards between feldspar grain boundaries.
Undulose extinction is ubiquitous in the quartz, and is related to
subparallel or approximately orthogonal sets of strain bands (Fig. 3-2A).
The resultant mosaicism coupled with minor to extensive recrystalliza-
tion has produced smaller strain free subgrains in these areas.
Boundaries with adjacent feldspars are locally granulated and recrys-
tallized in addition.

Plagioclase has only a limited range in composition to
(AniQSAb84.20r0.9 to An21.0Ab78.10r0.9)’ and occurs as subequant to
irregularly-shaped grains that locally show a preferred orientation.
Most are simply twinned (albite and pericline), although untwinned
varieties do occur. In addition, most grains are optically homogeneous,
but grains with symmetrical or undulose extinction are present. Bent
twin lamellae and the formation of subgrains by recrystallization of

larger ones also occur.
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Some of the plagioclase in these samples is distinctly antiper-
thitic (Figure 3-2B). The form of the exsolved alkali feldspar phase
ranges from regularly-distributed, rounded to elongated um-sized and
larger blebs to irregularly-shaped patches and stringers that comprise
up to half of the feldspar. The latter are more appropriately termed
"mesoperthite". Rare aggregates of an unidentified, colorless, pm-size
acicular Al-rich phase occur along some plagioclase grain boundaries.

In addition to the above, potassium feldspar also occurs as large
subequant to irregularly-shaped grains similar in size to the quartz
and plagioclase, and as smaller interstitial grains that locally partly
surround and embay plagioclase. The position of much of this inter-
stitial potassium feldspar suggests that it formed via granular ex-
solution from the plagioclase.

The potassium feldspar is commonly perthitic, as indicated by
the presence of tiny submicron, elongate blebs that have a refractive
index higher than the host. Aggregates of an acicular colorless mineral,
similar to those associated with plagioclase, occur along potassium
feldspar grain boundaries.

Most of the potassium feldspar, including the exsolved blebs in
plagioclase, display spindle/grid twinning characteristic of microcline
(Fig. 3-2A, 2B). However, some of the interstitial alkali feldspar is
'apparently untwinned and may be orthoclase. If this interstitial
alkali feldspar did in fact originate by granular exsolution from
plagioclase, then the observations suggest that unmixing in the feld-
spars was developed on an extensive scale prior to the monoclinic

(orthoclase) - triclinic (microcline) inversion. There is only a small
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range in the composition of the potassium feldspar (Ab to

11.5°788.5

A.b4 oOr96 0), and no differences were detected among large grains, blebs
in plagioclase, and interstitial grains.
Biotite is the principal mafic mineral in the potassium feldspar

gneisses and shows a range in texture, color, and composition. The most

common occurrence is as dark mahogany-brown, Ti-rich (up to 4.5 wt %
Ti02) stubby to elongate grains that tend to delineate the foliation in
these samples (Figure 3-2C). In those samples in which the quartz-
feldspar grain boundaries are sutured, the contacts with biotite tend
to be irregular also. Brown to green biotite also occurs in parallel
to rarely vermicular intergrowth with quartz that tend to radiate from
a "nucleus" of magnetite (Figure 3-2D). Potassium feldspar is not
present in the intergrowth. These intergrowths are randomly-oriented
and crosscut the pre-existing foliation. Hence, they are post-tectonic
and are interpreted to represent the breakdown products of pre-existing
orthopyroxene that formed by the reaction:

Opx + Kf + Fluid ¥ Bio + Qtz + Mt.

Green, Ti-poor (0.5 wt 7 TiOz) biotite occurs as rims around
garnet, or along fractures in the garnet where in both cases it is
typically intergrown with kyanite and quartz. Potassium feldspar is
absent from these intergrowths. The petrographic features suggest that
the following reaction has taken place:

Gar + Kf + Fluid ¥ Bio + Ky + Qtz.
In a few rare instances, biotite grains have been replaced along

cleavage planes by dark green chlorite.
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Biotite ranges in Mg-value* from 0.49 to 0.81, with the maximum
variation in a single sample being approximately half this amount.
Without exception those '"secondary" biotites that formed by the break-
down of garnet or inferred to have formed from orthopyroxene (or
corderierite, see below) are more Mg-rich than "primary" biotites. In

addition, biotite that occurs in samples with either garnet, sillimanite
or kyanite are more aluminous (17.8-20.6 wt ¥ A1203) than those that

occur by themselves (15.8-17.8 wt % A1203).

The garnet is pale brownish-pink, and occurs typically as
rounded, resorbed porphyroblasts up to 1 cm across. Nearly every gar-
net is surrounded completely by intergrowths of brown kyanite and green
biotite as indicated above (Figure 3-3A, 3C). The garnet contains small
(5-50 ym) inclusions of tabular brown biotite, quartz, plagioclase, and
rarely sillimanite. The quartz inclusions are sometimes arfanged in a
circular pattern suggesting rotation of the garnet during growth.

The garnet is predominantly almandine - pyrope, and is low in
Ca0 (0.6-1.1 wt %) and MnO (1.8-3.9 wt 7). The total measured range in
Mg-value (.18-.37) is about twice that in an individual sample. All
garnet grains are zoned slightly, being more Fe-rich on the rim than
in the core.

In one sample (24C), an aggregate of polygonal grains comprised
of yellow, isotropic material occur in association with garnet (Figure
3-3B). These are interpreted to be altered cordierite. The yellow

material ("pinite"?) is identical to that observed in less altered

*Mg-value = cations Mg/(Mg + Fe + Mn)
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Photomicrographs of textural features in potassium

feldspar gneisses (transmitted, plane-polarized light;

all bar scales - 100 um).

A) Intergrown kyanite-green biotite-quartz (top)
replacing garnet (bottom) (24C).

B) Polygonal aggregate comprised of yellow isotropic
material that appears to be pseudomorphous after
cordierite. Needles along previous grain boundaries
are kyanite (24C).

C) Close-up view of MII kyanite-green biotite inter-
growth shown in A (24C).

D) Layer of primary (MI) grains of prismatic sillimanite;
secondary (MII) kyanite, associated with garnet (see A)
occurs elsewhere in this sample, Note elongate brown

(MI) biotite grain in contact with sillimanite (24D).
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cordierite from other samples (e.g., 35861-1). It appears as if the
"cordierite'" had been in textural equilibrium with garnet.

This cordierite in 24C is surrounded by intergrowths of fine-
grained green biotite and brown kyanite that had grown into and replaced
the cordierite prior to alteration. The petrographic features suggest
that the following reaction, analogous to the one inferred for garnet,
occurred:

Cordierite + Kf + Fluid < Biotite + Kyanite + Qtz.
Since no cordierite is actually preserved, its composition could not
be determined.

Sillimanite is a rare yet important constituent of the potassium
feldspar gneisses. It is acicular to stubby in habit with a prismatic
cross—-section, and is restricted in its occurrence to a few layers that
are parallel to the foliation in the samples (Figure 3-3D). Sillimanite
has been observed in contact with biotite and garnet, and occurs as
inclusions in garnet. However, its relationship to cordierite is
unclear.

In those samples that contain both sillimanite and kyanite, the
two A125i05 polymorphs have not been observed in contact. Thus,
kyanite has grown later than and separate from sillimanite. The sil-
limanite is, however, locally replaced at its margins by a pale-brown
isotropic material.

Fe-Ti oxides occur as anhedral subequant to elongate interstitial
grains and include the assemblages: magnetite, ilmenite, ilmenite-
magnetite, and ilmenite-hematite. The latter is restricted to garnet-

free samples only and may be related to late stage oxidation. In
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addition to forming the nuclei of the radiating green biotite-quartz
intergrowths, magnetite granules occur at the margins of some brown
biotite flakes.

Muscovite occurs as very minor late-stage interstitial grains
where it replaces potassium feldspar and/or plagioclase. However,
muscovite has never been observed in contact with sillimanite or kyanite

in these samples.

3. Summary

The potassium feldspar gneisses on Langd are relatively simple
rocks that preserve evidence for two episodes of mineral growth. The
first produced the phases: biotite + garnet + cordierite
sillimanite + hypersthene (?), in which the biotite tends to be dark
brown and Ti-rich; the second yielded biotite + quartz + kyanite, in
which the biotite tends to be pale green and Ti-poor. Emphasis should
be placed on the occurrence of sillimanite as a primary phase and

kyanite as a secondary phase.

C. Orthopyroxene Gneisses

1. General Overview

These are fine- to coarse-grained rocks that range from dark,
layered types to pale rather homogeneous gneisses. The samples
were collected from "hypersthene gneiss'" units and from enclaves
within the "garnet granulite'" lithology on Langd. The samples are
characterized megascopically by brown-weathering orthopyroxene, gray to
white plagioclase, colorless to blue transluscent quartz, black biotite,

and rare grains of dark gray, greasy-lustred cordierite. The layering
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and foliation are related to the tendency for quartz and biotite to
become concentrated in certain layers. Orthopyroxene locally forms
porphyroblasts up to 2 cm across. Sillimanite occurs in these samples,
but was not detected in hand specimen. Traces of talc, kyanite,
rutile, zircon, and apatite were observed in thin section. The former
presence of alkali feldspar is inferred from certain textural features
seen in thin section.

The orthopyroxene-biotite + cordierite gneisses probably represent
higher grade equivalents of orthoamphibole-biotite + cordierite gneisses
that form an integral portion of the Malene Supracrustals elsewhere
within the Godth8b District (McGregor, 1973; Dymek, unpublished). It
is difficult to ascertain the nature of the protolith of the ortho-
pyroxene gneisses, but since the orthoamphibole-cordierite gneisses
appear to be metasedimentary.rocks, the units on Langd may also be

paragneisses.

2. Petrography and Mineralogy

The samples are characterized for the most part by a coarse
polygonal texture marked by smooth grain boundaries and 120° triple
junctions among the constituent minerals (Figure 3-4A, 4B). However,
cordierite-bearing samples have rather extensively-developed sutured
grain boundaries. The orthopyroxene gneisses do not display the large
degree of mosaicism and strain-induced recrystallization so apparent in
the potassium feldspar gneisses.

Foliation, which is apparent in hand specimen, is marked in thin

section by variations in the proportions of light and dark minerals, as
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Photomicrographs of texturial features in orthopyroxene

gneisses (A, B, C - transmitted, cross-polarized light;

D - transmitted plane-polarized light, all bar scales =

100 pm.).

A) Polygonal, equigranular mosaic of plagioclase
(center, left), quartz (bottom, center), and
orthbpyroxene (top, right). Note smooth grain
boundaries and 120° triple junctions (28A).

B) Polygonal, equigranular mosaic of cordierite (pale
gray, unfractured) and orthopyroxene (dark gray with
fractures). Note polysynthetic twinning in cordierite
grain in top right hand corner of photo (28F).

C) Plagioclase grain with vermicular inclusions of
quartz (28H).

D) Optically-continuous grain of orthopyroxene (P), the
center of which is replaced by an intergrowth of brown

biotite and quartz (28H).
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most phases do not appear to have a preferred orientation. Quartz
however locally forms lenticles oriented parallel to the banding. These
primary textures have been modified rather extensively in some samples
by secondary mineral reactions that have produced a variety of mineral
intergrowths.

The principal occurrence of quartz is as rounded to lobate grains
that may be elongated parallel to the foliation, as mentioned above.
Undulose extinction and strain features, although present, are not
developed on an extensive scale. However, in sample 35861-1, strain
induced mosaicism and minor recrysallization is a prominent feature in
the quartz grains.

The secondary occurrences of quartz include parallel to vermicular
intergrowths with Biotite, vermicular intergrowth with plagioclase
(myrmekite, Figure 3-4C), and vermicular intergrowths with cordierite.
The first type is clearly related to the replacement of orthopyroxene,
whereas the origin of the latter two types is not clear.

Plagioclase occurs as subrounded to slightly elongated grains
that are simply twinned (albite and pericline) and optically homogenous.
Rare bent twin lamellae and composite, ''broken' grains that formed from
pre—-existing larger‘ones have been observed. The plagioclase in 35861-1
and 35861-2 is locally antiperthitic.

The range in measured composition for six samples is An23 8

to An Most grains are homogeneous

by, 7971 .5 36.2%P63.1%%0.8"

chemically, but slight reverse zoning (<2 mole 7% An) is present locally.

The range in composition in each sample tends to be small (<4 mole 7%
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An), but in 35861-1, plagioclase with compositions %Anz5 and ’\:An35
occur in separate layers.

Several types of biotite occur in the orthopyroxene gneisses
as indicated by a range in textures and to some extent composition.
Dark mahogany brown Ti-rich biotite (1.4-4.8 wt % TiOZ) occurs as
stubby to blocky to acicular grains that tend to parallel the foliation.
In three samples (28A, 28C, 28H) these contain inclusions of sillimanite
(Figure 3-5D).

Brown biotite (1.4-2.7 wt % TiOz) also occurs in parallel to
vermicular intergrowth with quartz, replacing orthopyroxene and
cordierite (Figure 3-4D). Kyanite occurs with the biotite and quartz
associated with cordierite.

Elongate green biotite (0.6-1.0 wt % TiOz), also intergrown with
quartz (and rarely magnetite) replaces orthopyroxene (Figure 3-5A).
Finally, pale-green ﬂiotite (<0.1 wt % TiOZ), intergrown with kyanite
and quartz, replaces cordierite.

The total range in the measured Mg~value of the biotite is
0.69-0.88, with the variation in a single sample approximately one-
third of this amount. The '"secondary" biotite, which replaces
orthopyroxene and cordierite, tends to be slightly more Mg-rich than
"primary" biotite. The measured A1203—contents range from 15.4 to
19.4 wt %, with green biotite associated with kyanite being the most
aluminous.

Orthopyroxene occurs as anhedral blocky grains that form rare

porphyroblasts up to 3 cm across, irregularly shaped grains with

embayed margins, and fine-grained (510 um) granules. The latter two
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Photomicrographs of textural features in orthopyroxene
gneisses (transmitted plane-polarized light; A, B-bar
scale = 100 pym; C, D-bar scale = 50 um).

A) Single crystal of orthopyroxene replaced by acicular
grains of green biotite. Note contrast between this
texture and that in Fig. 3-4D.

B) Single crystal of cordierite with turbid margins
caused by very fine-grained MII kyanite needles that
grow inward from the grain boundary. Biotite (B)
also replaces cordierite here (28H).

C) Close-up of MII kyanite needles in cordierite grain
shown in B. The other mineral shown here is quartz
(28H).

D) Sillimanite (S) inclusions in biotite. Note ragged

appearance of smaller grains (28H).
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textures are a consequence of secondary mineral reactions that produced
biotite and quartz (Figure 3-4D, 5A). The inferred reaction is:

Opx + Kf(?) + Fluid Z Bio + Qtz.
In some samples, orthopyroxene contains euhedral to subhedral biotite
inclusions, and at the same time is demonstrably replaced by biotite
along its margins. All orthopyroxene grains show some degree of pleo-
chroism from deep pink to pale red-brown to greenish-brown. Cores in
some grains tend to be more intensely-colored than rims.

A very small percentage (<1) of the orthopyroxene has been
altered to a very fine-grained, greenish-yellow, apparently isotropic
material. This "uralitization" seems to have occurred before any of
the secondary mineral reactions mentioned above. Local, minor altera-
tion to talc occurs in samples 28A and 28B, and the orthopyroxene in
sample 28C has a few grains of an elongate, colorless euhedral phase
developed along fractures and grain boundaries. Although this mineral
could not be identified positively, its morphology and occurrence sug-
gest that it is anthophyllite.

' The measured Mg~values of the orthopyroxene range from .65-.82,
with the maximum variation in a single sample being .05. All the
pyroxenes have an extremely low Ca-content (<.12 wt 7 Ca0), but are
relatively aluminous (3.8-8.1 wt 7% A1203), with cores containing more
Al than rims.

Cordierite may occur as rounded to irregularly-shaped isolated
single grains, or in elliptical clusters of polygonal grains that are
probably the recrystallized remnants of larger single crystals. The

cordierite is quite easily identified by the presence of one or more of
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the following features: yellow pleochroic halos around zircon inclusions
(indigo in cross-polarized light); complex interpenetrating twins (Fig.
3-4B) ; and dark turbid margins (Fig. 3-5B).

These turbid margins are related to the presence of minute (<5 um
wide) sheaves and needles of densely-packed kyanite (Figure 3-5C). This
feature is similar to secondary gedrite-kyanite intergrowths described
by Vernon (1972), except that no gedrite has been identified in any of
the samples from Langgd.

The presence of a low-A1203 phase seems to be required here,
since cordierite should break down by a reaction of the type:

Cordierite + Fluid - Kyanite + Gedrite + Quartz.
X-ray diffraction studies of various mineral separates have so far
yielded negative results with respect to the identification of gedrite.
However, in sample 35861, kyanite-green biotite intergrowths replace
cordierite, and in samples 28B and 28H, kyanite-brown biotite inter-
growths replace cordierite in addition to ones that do not contain
biotite. Thus, the replacement of cordierite may occur by the reaction:
Cordierite + Fluid + Kf(?) - Kyanite + Biotite,
with the biotite nucleating away from the cordierite in some cases.
The extent to which cordierite is replaced by these intergrowths ranges
from virtually complete to nil, even within a single thin section.

Most grain contacts between cordierite and orthopyroxene, as
well as between cordierite and biotite,tend to be smooth. Hence, even
though a given cordierite grain may be replaced extensively, the original
smooth boundary with orthopyroxene (or biotite) is preserved. There is

no evidence for cordierite-orthopyroxene incompatibility on Langé, and
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where biotite is involved in the replacement of cordierite, this
biotite formed during a second period of mineral growth. These observa-
tions indicate that the breakdown of cordierite was a complex process.

The cordierite is very magnesian (Mg-value = .88-.95), and the
measured alkali contents are exceedingly small (Na20 <0.05 wt %Z). No
chemical zonation was detected in any of the grains that were analyzed.

Sillimanite occurs as tabular to elongate grains with a prismatic
cross section in association with cordierite in sample 35861, and as
inclusions in biotite in samples 28C and 28H (Figure 3-5D). Some of
the sillimanite inclusions in biotite have ragged margins and appear
resorbed. This feature may indicate that the sillimanite in 28B, 28C
and 28H is a relic phase related to the assemblage sillimanite-
cordierite-biotite prior to the appearance of orthopyroxene in these
samples. Sample 35861 does in fact contain the assemblage sillimanite-
cordierite-biotite.

Kyanite occurs as a secondary mineral replacing cordierite
(Figure 3-5B and 5C). In general, kyanite and sillimanite are not in
contact. However, in sample 35861 previous cordierite-sillimanite
grain boundaries are now separated by a thin selvage of kyanite needles.
The kyanite grows into and replaces the cordierite, with sillimanite
retaining its euhedral, prismatic form, apparently being unaffected by
the growth of the kyanite.

The only oxide phase observed in the orthopyroxene gneisses is
rutile. It occurs as blocky interstitial grains up to 100 um across

and as tiny (<10 um) granules scattered throughout primary biotite in
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samples 28A, 28B, 28C, and 28H. Pyrite is a rare accessory phase in

samples 28D and 28E.

3. Summary

The orthopyroxene gneisses are complex rocks that show petro-
graphic evidence for multiple episodes of mineral growth. The assem-
blages (including quartz + plagioclase): orthopyroxene-biotite,
orthopyroxene~cordierite-biotite, and cordierite-sillimanite-biotite
formed during MI or the primary stage of mineral growth. During MII or
the secondary stage, orthopyroxene was replaced by biotite + quartz, and
cordierite was replaced by kyanite or kyanite + biotite. As was the case
with the potassium feldspar gneisses, the first episode of mineral growth
in the orthopyroxene gneisses is characterized by sillimanite, whereas

the second episode produced kyanite.

D. Pyribolite Gneisses

‘l. General Overview

These are medium- to coarse-grained, dark-colored, relatively
homogeneous to layered gneisses collected from the Pas Pyribolite, the
Great Pyribolite, and pyribolite horizons in the 2nd Intermediate Layer.
They are characterized in hand specimen by brown orthopyroxene, black
hornblende and clinopyroxene, and gray to white plagioclase. Quartz was
observed only in cross cutting veinlets.

The layering is due to differences in the relative amounts of
mafic minerals and plagioclase in adjacent layers, whereas homogenous
types tend to have a "salt and pepper" textured appearance. Those layers

that are virtually pure hornblende, pyroxene or plagioclase tend to be
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slightly coarser-grained than the rest of the sample, which accentuates
the banding. Small amounts of ilmenite, magnetite, biotite, and second-
ary quartz and amphibole, as well as traces of apatite and zircon were
observed in thin section. Rare grains of rutile occur in one sample (35C).

Some of the cm-scale layering that is present may be related to
original variations in plagioclase and mafic mineral content, and this
certainly seems to be the case for meter-size layers. Elsewhere in the
Godth8b District banded amphibolites, not unlike some on Lang@, result
from extensive deformation of pillow structures. The absence of these
or any other "primary" textural features in the pyribolite gneisses on
Langd, makes it difficult to infer the nature of their protolith. How-
ever, the compositions of these rocks would indicate that they represent
predominantly a series of highly-metamorphosed mafic volcanic rocks. The
fact that the mafic minerals tend to be Mg- and/or Ca-rich might also

indicate a calcareous component in the protolith.

2, Petrography and Mineralogy

The samples are all characterized by an extremely well-preserved
coarse polygonal texture with smooth grain boundaries and 120° triple
junctions among pyroxene, hornblende, plagioclase (Figure 3-6A and 6B).
Some of the larger grains of pyroxene have bent cleavages, but the sam-
ples are in general remarkably devoid of evidence of strain. Many
mineral grains tend to be slightly elongate parallel to the foliation.

Samples from the Great Pyribolite and the 2nd Intermediate Layer
display rather extensive development of secondary quartz - Ca-amphibole

coronas around grains of pyroxene. However, these coronas are absent
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Figure 3-6: Photomicrographs of textural features in pyribolite gneisses
(A, B, C - transmitted, plane-polarized light; D - transmitted
cross—polarized light; all bar scales - 100 um).

A) Polygonal, mostly equigranular intergrowth of plagio-
clase (white), hornblende (dark gray), and orthopyroxene
and clinopyroxene (pale gray). Note smooth grain boun-
daries and 120° triple junctions (30).

B) Subhedral to anhedral hornblende grains with exsolved
Fe-Ti oxide grains concentrated at grain boundaries (39E).

C), D) Plagioclase grain comprised of irregularly-shaped
blebs with composition An70_75 in a host with composi-
tion Angs_cn. This texture may be related to exsolution

associated with the Huttenlocher solvus (24E).
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from sampies collected within the Pas Pyribolite. In the latter, Ca-
amphibole replaces portions of pyroxene grains producing a patchwork
texture.

Plagioclase occurs as anhedral subrounded to slightly elongate
grains with simple twinning (albite and pericline). The plagioclase in
all samples may contain inclusions of pyroxene and hornblende, and itself
occur as tiny inclusions within these phases. Optical zoning is typical
of the plagioclase with extinction zones being parallel to boundaries
with adjacent grains of pyroxene.

The measured range in composition in the nine samples studied in
to An

detail is extremely large (An ), and

32.8%%65.79T1.5 79.0%P20.7%%0.3

reverse zoning, typically <3 mole % An, occurs. In sample 24E, composi-
tions within grains that show highly-irregular patchy extinction appar-
ently fall in two groups: An48 to An60 and An71 to An79. The more
calcic varieties occur as rounded to elongate blebs (<5-40 um wide)
within the more sodic host (Figure 3-6C, 3-6D). Such textural features
suggest an exsolution origin and the compositions are appropriate for ,
the Huttenlocher immiscibility gap (Huttenlocher, 1942; Nissen, 1971).

Core compositions in other samples range from An to An60, with

32
the range within an individual specimen being <3 mole 7 An. However, in
sample 35B, homogenous plagioclase with compositions An36, An43, and
An60 occur in three distinct layers. (Pyroxene and hornblende composi-
tions are also different in these three layers.)

Orthopyroxene, clinopyroxene or both are present in all samples

in this group. They occur as anhedral, untwinned grained (Figure 3-6A)

that only rarely display exsolution lamellae. Orthopyroxene forms rare
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porphyroblasts up to 1 cm across in some samples (e.g., 23B, 35C). The
pyroxene in most samples tends to be elongate in the plane of the folia-
tion. Some grains contain exsolved, oriented platelets and rods of
ilmenite (7).

In samples from the Great Pyribolite and 2nd Intermediate Layer,
most pyroxene grains are surrounded by spectacular coronas comprised of
green Ca-amphibole (Figure 3-7A). The amphibole typically occurs in
vermicular intergrowth with quartz (Figure 3-7B), and may contain blocky
grains of magnetite and ilmenite in addition. The extent to which these
amphibole coronas develop varies tremendously, even within a single thin
section, but they always occur only along previous pyroxene-plagioclase
grain boundaries.

In samples from the Pas Pyribolite, patches within some of the
clinopyroxene grains have been replaced by green Ca-amphibole and quartz,
This type of replacement also occurs along the margins of pyroxene
grains, but the coronas seen in the other samples are absent here.

The petrographic features involving the replacement of pyroxene
by Ca-amphibole suggest that the following 'retrograde" reaction has
occurred:

Pyx + Plag + Fluid - Ca-amph + Qtz.

Orthopyroxene is strongly pleochroic from green to pink, with
cores of some grains being more intensely-colored than rims. It is
uniformly low in Ca-content (0.2 to 1.0 wt %), and contains only small
amounts of A1203 (0.2 to 2.9 wt %), with cores being more aluminous than
rims. There is a very large range in Mg-value, with measured compositions

being WolEn77F522 to WolEn52F547.



Figure 3-7:
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Photomicrographs of textural features in pyribolite
gneisses (transmitted plane-polarized light; all bar
scales = 100 um).

A) Orthopyroxene (top) and clinopyroxene (lower right)
mantled by coronas of secondary Ca-amphibole (39E).

B) Close-up of boundary between clinopyroxene (P) and
secondary amphibole (A); note oriented oxide in-
clusions in pyroxene and vermicular quartz inclusions
in amphibole (39E).

C) Primary grains of euhedral tabular biotite intergrown
with hornblende and pyroxene (pale gray) and plagio-
clase (white) (23B).

D) Grain of bladed secondary biotite (B) that crosscuts
orthopyroxene (bottom left) and hornblende (top left)

(25D).
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Clinopyroxene is faintly pleochroic in shades of pale green, and
there are no observable differences in color between cores and rims. Ca-
contents are high (21.1-24.3 wt % Ca0), and decrease slightly with de-
creasing Mg-value. Measured compositions range from Wo, . En, Fs_ to

4874775
Wo46En Fs The Al,0, - contents range from 0.6 to 3.6 wt %, with

35°719° 273
cores being slightly more aluminous than rims.

Primary hornblende ranges from euhedral grains with a diamond-
shaped cross-section to anhedral grains elongate in the plane of the
foliation. Some samples contain cm-size clusters of hornblende grains
that may represent the recrystallized remnants of larger single crystals.
Exsolved oriented platelets of ilmenite occur scattered throughout many
grains. Ilmenite also occurs as tiny granules that in some samples tend
to be concentrated near the edges of single hornblende grains or along
hornblende-hornblende grain contacts (Figure 3-6B). Pleochroism is
strong, with colors ranging from greenish-brown to olive green to very
dark green. Cores tend to be more darker-colored than rims. A few
simple (100) twins have been observed.

The contents of Ca (10.5-12.8 wt % Ca0), Al (10-14 wt % A1203)
and Ti (1.5-3.0 wt % TiOz) are high, with cores being slightly more Ti-
and Al-rich than rims. The higher Ti-content of cores is probably the
cause of the darker coloration. There is a very large variation in
measured Mg-values (0.52-0.90).

Secondary hornblende occurs intergrown with tiny (1-10 um) blebs
of quartz as narrow continuous coronas around pyroxene, and as irregular

patches within, or at the margins of, pyroxene grains where it replaces

that phase (Figure 3-7A, 7B). In some samples, the secondary hornblende
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surrounds small (25-100 um) grains of ilmenite and magnetite in addition
to pyroxene (Fig. 3-7A). Pleochroism in the secondary hornblende is
strong, but the color is very different from primary amphibole, ranging
from pale green to blue green to grass green. Ca-contents are similar
to those in the primary hornblende, but A120

- and TiO,-contents (8-10 wt

3 2

%Z and 0.2-1.5 wt % respectively) are lower.

Biotite occurs as pleochroic pale to dark brown plates that tend

to be aligned in the plane of the foliation. These appear to be in tex-
tural equibrium with pyroxene and primary hornblende (Figure 3-7C).
There is a large range in Mg-value of the biotite (0.59 to 0.85). Meas-
ured A1203— and TiOZ—contents range from 14.0 to 15.7 and 2.4 to 6.0 wt %
respectively. In a few samples, secondary green to brown biotite, inter-
grown with quartz, replaces orthopyroxene (Figure 3-7D). These have a

higher Mg-value (0.87) and higher A120 -content (Vv16.5 wt %), but a lower

3
Ti02—content (.65 wt %) than primary brown biotite.

Ilmenite~magnetite represents the most common Fe-~Ti oxide assem-
blage in the pyribolite gneisses, with magnetite-ilmenite-hematite (24E)
and ilmenite-rutile (35B) occurring in one sample each. The hematite in
24E occurs as lamellae in ilmenite, and may be related to laté/stage
oxidation, rather than conditions existing at the peak of metamorphism.
TiOZ- contents of ilmenite always exceed 48 wt 7, and calculated Fe203—
contents are less than 5 wt %. The TiOz—contents of magnetite are always
less than 0.5 wt %, indicating only very small amounts of ulvospinel
substitution. Cr203—contents of the magnetite are generally less than

1 wt %, but values as high as 8 wt % were found, indicating a large range

in chromite content.
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Small amounts of sulfides, apatite and zircon occur dispersed
throughout the samples, as well as some secondary carbonate. No epidote,

sphene, chlorite or white mica have been observed.

3. Summary

The pyribolites represent a series of foliated gneisses that are
homogenous to layered on a cm scale and characterized by a polygonal-
granular equilibrium texture. A primary assemblage consisting of plagio-
clase, hornblende (green-brcwn), and pyroxene is present in all samples.
Various degrees of subsequent retrograde reaction between plagioclase
and pyroxene produced a secondary assemblage consisting of hornblende
(blue-green) and quartz, Hence, the pyribolite gneisses, like the
potassium feldspar gneisses and the orthopyroxene gneisses, preserve
petrographic evidence for two episodes of mineral growth. It is <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>