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ABSTRACT

Metamorphism in the southern Appalachians reached the
granulite facies in the vicinity of Franklin, NC. Rocks from
within the field area have been correlated with the Otto
Formation, Coweeta Group, and Tallulah Falls Formation. The
deformational history is similar within the amphibolite and
granulite facies terranes suggesting that the metamorphism
that affected this area was associated with the
Mid-Paleozoic regional event.

The amphibolite-granulite facies transition in the Blue
Ridge of North Carolina is characterized by a series of
prograde zones: Ky + ms, sil + ms, sil + kfs in rocks of
pelitic composition, and grt + hbl, grt + hbl + opx + cpx in
amphibolites. The transition from amphibolite to granulite
facies has been placed at the boundary between the sil + ms
and sil + kfs zones. The close spatial association of the
second sil isograd and partial melting suggests that the
breakdown of muscovite was the driving force behind
anatexis. The most likely reaction for producing melts is ms
+ ab + gtz = kfs + als + melt.

This suggests that metamorphism occurred in the absence of a
free aqueous fluid phase.

Estimated conditions of metamorphism are 580-680 deg C,
5.5-6.8 kbar, aH,0 = 0.8 in the amphibolite facies, and.

680-780 deg C, 6.5-8.0 kbar, aH,0 = 0.25 in the granulite

i1




facies. The drop in aH,O can be attributed to the breakdown

of ms and the development of in-situ partial melts, which
scavenged water.

The increase in temperature with pressure indicates
that increasing depth of burial was an important part of the
development of this terrane. The presence of ky in what are
'interpreted to be in-situ melts suggests that the granulite
terrane underwent nearly isobaric cooling. A model employing
both crustal thickening and regional magmatic activity
appears'necessary to explain both a prograde path of

increasing pressure, and an isobaric cooling path.
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CHAPTER 1

INTRODUCTION

PURPOSE OF STUDY

Metamorphism in the Blue Ridge of the southern
Appalachians has been recognized as a progressive Barrovian
metamorphic sequence (Carpenter, 1970; Hadley and Nelson,
1971; Hatcher, 1972; Hurst, 1973). The highest grade of
metamorphism occurs in the core of the terrane with
progressively lower grades occurring along the flanks (Fig.
1); however, the outcrop pattern of isograds is more
complicated than the simple progressive sequence shown
(Hatcher, 1985). The major metamorphic event in the Blue
Ridge occured during the Taconic orogeny (Butler, 1972;
Glover et al., 1983).

Delineation of metamorphic isograds has generally been
limited to the first appearance of index minerals, with
little or no regard for the bulk chemistry of the rocks or
to reactions that produced the observed mineral assemblages.
Those studies that have attempted to constrain the
conditions under which metamorphism occurrd (Allen and

Ragland, 1972; Nesbit and Essene, 1982, McElhaney and

McSween,Al983; and Absher and McSween, 1985) have generally

dealt with single localities rather than attempting to
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Figure 1. Regional geology of the field area. Isograds
from McSween and Hatcher (1985) and Grant et al. (1986).
Box shows area expanded in (b). General geology of the field
area and surrounding vicinity, from Lesure (1966}, McSween
and Hatcher (1985), Eckert (1985), Hatcher et al. (1986,
1987) and Yurkovich (pers. comm., 1987). Isograds on
geologic map from McSween and Hatcher (1985) and Eckert
(1985). Quadrangles are: 1. Wayah Bald, 2. Franklin, 3.
Corbin Knob, 4. Rainbow Springs, 5. Prentis, 6. Alarka.
WSG represents the location of Winding Stair Gap described
by Absher and McSween (1985).
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establish trends across a terrane.

The study area is located in the Franklin and Corbin
Knob quadrangles in Macon County, North Carolina (Fig. 1).
The area includes the eastern boundary of the opx zone
(mineral abbreviations are in appendix A) originally
delineated by Force (1976). Granulite facies assemblages-
were found by Hatcher and Butler (1979) in rocks at Winding
Stair Gap close to the area defined by Force. They
tentatively correlated the rocks there with either the
Tallulah Falls Formation or the Coweeta Group. A more
detailed study of structure and stratigraphy at Winding
Stair Gap (Absher, 1984; Absher and McSween, 1985) affirmed
that the metamorphism at Winding Stair Gap was Paleozoic,
differentiating those rocks from Precambrian granulites that
occur to the northeast in the vicinity of Roan Mount&in, and
in Virginia (Morgan, 1972; Hatcher et al., 1980; Gully and
Monrad, 1983; and Gully, 1985). Absher and McSween (1985)
determined peak metamorphic conditions at Winding Stair Gap
to be approximately 750 deg C and 6.8 kbar.

Eckert (1985) correlated the rocks that reached the

granulite facies in the Wayah Bald quadrangle to the west of

the study area (Fig. 1) with the Coweeta Group and Tallulah
Falls Formation. He delineated a series of prograde
metamorphic zones from northwest to southeast: ky + ms, sil
+ ms, sil + kfs, coexistence of opx and cpx in mafic rocks.
Exposed granulite terranes are generally limited to
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Precambrian shield areas (Bohlen, 1983) which have complex
thermal and deformational histories. As a result,
determining the metamorphic conditions in these areas is
problematical due to the widespread presence of
disequilibrium assemblages and retrograde effects. The
presence of a relatively pristine, presumably Paleozoic,
granulite terrane in the Blue Ridge offers a rare
opportunity to determine more accurately the cause(s) for
granulite facies metamorphism. Quantification of changing
metamorphic conditions at the amphibolite-granulite
transition provides a greater understanding of the thermal
history of the Blue Ridge and gives important constraints on
the tectonic development of this area.

For purposes of this study the boundary between the
amphibolite and the granulite facies has been placed at the
.second sil isograd. In the text, "low-grade" refers to those
rocks that contain ms or are in the area of ms-bearing
assemblages, and "high-grade" to those rocks that contain

kfs or are in the vicinity of kfs-bearing assemblages.

METHODS

Field work in the Corbin Knob and Franklin quadrangles
was done on a‘scale of 1:24,000 utilizing 7 1/2 minute
topographic sheets. Outcrops were selected for sampling on
the basis of rock type, mineralogy, and freshness.
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Orientations of foliations, lineations and fold axes were
measured. Approximately 100 thin sections were made, cut
perpendicular to foliation, for study.in transmitted light.
21 polished thin sections were made for study in reflected
and transmitted light. Sample locations are shown on plate
1 and brief petrographic descriptions are given in appendix
B.

Mineral compositions were determined using a MAC 400S
automated electron microprobe with natural and synthetic
standards. Data reduction utilized the correction scheme of
Bence and Albee (1968) with the data of Albee and Ray
(1970). A beam current of 0.05 A with a beam diameter of 1
micron was used for analyzing grt and px. A current of
0.03 A with a defocused beam was used for analyzing bi,
f1d, ms, and hbl. Multiple analysis of grain cores and rims
were used to assess instrument precision and to document
grain zonation in most samples. Those mineral analysis used
in teperature, pressure and fluid composition calculations
are given in appendix C.

Samples for fluid inclusion study were doubly polished
and left slightly thick, 50 to 75 microns. Heating and
freeing measurements were made using a Fluid Incorporated
heating/freezing stage. Heating runs were made at an
approximate réte of;i deg’C/min, with most measurements
reproducible to +/- 2 deg C. Isochores were calculated

using the computer programs5of Nichols and Crawford (1985).
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Further discussion on fluid inclusion procedures is given in

appendix D.



CHAPTER II

GEOLOGIC SETTING

GENERAL OVERVIEW

The Blue Ridge is composed of metasedimentary and
metaigneous rocks, separated from the Valley and Ridge
thrust belt by the Great Smoky thrust in the west and from
the Inner Piedmont by the Brevard fault system in the east.
The Blue Ridge is divisible into two lithotectonic belts
separated by the Hayesville fault (Hatcher et al. 1979).
Structural windows in which low-grade rocks are exposed
under higher-grade rocks indicate that the Blue Ridge is
allochthonous. COCORP seismic data indicate a master
decollement extending under the Blue Ridge, possibly to the
Coastal Plain, on which a minimum estimate of movement is
260 km (Cook et al., 1979).

The field area is located to the east of the Hayesville
fault. The eastern Blue Ridge contains metasedimentary,
volcanic, and ultramafic rocks, whereas the western Blue
Ridge contains Grenville basement with no mafic or
ultramafic rocks (Rankin, 1975; Hatcher, 1978). These
differences have been interpreted as a break between
continental shelf deposits of the western Blue Ridge and
deeper-water, rift-related sediments of the eastern Blue
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Ridge, with the mafic and ultramafic rocks representing
possible dismembered ophioclites (Hatcher et al., 1984; and
McSween and Hatcher, 1985). South of the field area, the
premetamorphic Shope Fork Fault separates rocks of the
Coweeta Group, in the southeast, from the Tallulah Falls
Formation, in the northwest. The Tallulah Falls Formation
is composed of metamorphosed pelitic and mafic volcanic
rocks (Hatcher, 1973). The Coweeta Group is a generally
cleaner sequence of felsic gneisses, with schists and layers

of amphibolite (Hatcher, 1979).

STRUCTURE AND STRATIGRAPHY OF THE FIELD AREA

Detailed mapping of the Corbin Knob and Franklin
quadrangles by S. Yurkovich (pers. comm., 1987) and the
Franklin quadrangle by Lesure (1966) delineated several
mafic, ultramafic and granitic bodies and some stratigraphic
contacts. Plate 1 is a compilation of field work from
previous workers and of this study. Recent mapping by
Hatcher et al. (1979, 1986, 1987) located a contact between
the Coweeta Group and Otto Formation in the Prentis
quadrangle. The Otto Formation is composed dominatly of
ms-bi schist. This contact and the Shope Fork fault are
shown intersecting just south of the field area (Fig. 1).

The contact shown on plate 1 may be the northern
extension of the Shope Fork Fault and/or this stratigraphic
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contact. It separates rocks on the east that contain
outcrops of felsic gneiss with layers of schist from rocks
to the west which are dominatly felsic gneiss. It also
separates amphibolites containing hbl + bi from those
containing hbl + grt. This difference appears to be
controlled by bulk chemistry (see discussion in chapter 3).
Also, small dunite bodies occur only to the east of this
contact.

The rocks to the east of this contact are tentatively
correlated with the Otto Formation, and rocks to the west
are identified as Coweeta Group/Tallulah Falls Formation
undifferentiated. The significance of this contact and its
exact location is debatable. Many outcrops that occur to the
east are similar to those in the west, in that they contain
little or no schistose members. This may indicate that the
contact is complexly folded and transposed, as are many of
the premetamorphic contacts in the Blue Ridge.

Eckert (1985) correlated rocks of the lower part of the
Wayah Bald quadrangle with the Coleman River Formation, part
of the Coweeta Group. If a projection of his contact is made
into the Franklin quadrangle, this would include those rocks
defined as Coweeta Group/Tallulah Falls Formation
undifferentiated in this study. However, such a projection
is probably not valid due fo the complex nature of the
deformation that affected this terrane.

F1 fold hinges were observed in only one outcrop. Fjp
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was recognized as refolded folds. These early folds have
been destroyed by later deformational events. The dominant
foliation, S, which is defined by parallel alignment of ms
and bi, formed as the result cf an isoclinal folding event,
F,, which transposes S;. A later F3 event is also observed
as upright'isoclinal to open folds that deform S,.
Crenulations produce a distinct lineation in the schistose
rocks. These may be related to F3 or be related to another
deformational event as suggested by Hatcher and Butler
(1979). Within the granulite facies terrane F3 and F,4 are
rarely observed, and no evidence for F; was seen. This may
have been due to the development of in-situ partial melts
which disrupted the foliation. The foliation in the
granulite facies terrane is also considered to be S; due to
its similar style and orientation.

Small ductile shear zones and later brecciated zones
were also observed. Movement on these zones is considered
to have been minor, as nowhere were rocks of different

stratigraphic character juxtaposed.
EVIDENCE FOR PALEOZOIC GRANULITE METAMORPHISM

The deformational sequence described here is similar to
the regional deformation scheme of Hatcher and Butler (1979)
and Glover et al. (1983). It also correlates with the

structural sequence of Absher (1984) for Winding Stair Gap
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and that of Eckert (1985) for the western edge of the
granulite terrane. This indicates that the foliation in the
study area formed as a result of the regional metamorphic
event.

Age dating (Rb-Sr, K-Ar) has placed the main
metamorphic event at 480-430 m.y., early Ordovician to early
Silurian (Butler, 1972; Dallmeyer, 1975). This has been
correlated with the Taconic deformational event (Glover et
al., 1983). Later regional deformational events were at
380-340 m.y., Devonian to early Mississippian, and 330-230
m.y., late Mississippian to Pennsylvanian, which have been
related to the Acadian and Alleghanian deformational events,
respectively (Glover et al., 1983). A sample from Franklin,
NC from which K-Ar date was taken gave an age of 307 m.y.
(Kulp and Eckelmann, 1961). A sample to the north in Gay,
NC, gave an age of 440 m.y. using Rb-Sr (Long, Kulp and
Eckelmann, 1959). This sample would lie in the rocks
delineated as Coweeta Group/Tallulah Falls Formation in this
study if a projection is made along strike. These samples
may have been metamorphosed during the Precambrian, and then
reset by later metamorphic events.

The prograde metamorphic sequence observed along the
eastern edge of the granulite facies terrane is the same as
the sequence described by Eckert (1985) for the western edge
of the terrane. The progression of zones 1s reasonable for

regional metamorphic conditions. Lack of disequilbrium
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assemblages and of any evidence for cross-cutting isograds,
phenomena common in Precambrian granulite facies terranes,
suggest that the granulite facies terrane in this area
represents the peak prograde conditions recorded during the

Paleozoic.
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CHAPTER III

PETROGRAPHY AND MINERAL CHEMISTRY

A wide variety of rock types are present in the field
area: schists, gneisses, calc-silicates, quartzite,
amphibolites, and dunites. For purposes of discussion, rock
types will be divided into two broad categories,

metasedimentary and metaigneous rocks.

METASEDIMENTARY ROCKS

General Description

The low-grade outcrops are commonly interlayered schist
and gneiss with gradational contacts. Gneissic rocks are
generally light gray to dark gray, weathering to a reddish
brown saprolite. As mica content increases the rocks become
much darker and weather to a brighter red. The gneisses
commonly exhibit a pinstripe appearance due to interlayering
of gtz-f14 and micas on the scale of 0.2 to 0.5 cm (Fig.
2a). These rocks have well developed foliations and are
commonly lineated. The more felsic gneisses are commonly
massive with poorly developed foliations.

At higher grades, layering is disrupted by fld-qgtz
segregations and is generally not as well defined (Fig. 2b).
Rocks are generally more felsic with schistose layers more

14




Figure 2. Outcrop photographs of amphibolite and
granulite facies rocks.

a. Outcrop photograph of low grade mu-bi-grt gneiss
and schist.

b. Outcrop photograph of high grade grt-bi-sil gneiss
with gtz-f1ld segregation.
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prominent. Qtz-fld segregations commonly have grt-bi rich

rims and are non-foliated. The gtz-fld segregations are
interpreted to represent in-situ partial melts (leucosome)
and the grt-bi rims are thought to be restites (melanosocme)
(Mehnert, 1968; Ashworth, 1986). The gtz-fld segregations
occur as pods and lenses discordant to the foliation and as

discontinuous layers parallel to the foliation.

Assemblages

The common assemblage in rocks of pelitic composition
in the amphibolite facies is grt + bi + ms + pl + gtz +/- ky
(Fig. 3a). The more felsic rocks contain bi + pl + gtz +/-
grt. Ky was only observed in the more schistose rocks. St
was not observed in this study but has been recognized by S.
Yurkovich (pers. comm., 1987) in the southeastern corner of
the field area as small anhedral grains in thin section. The
common high-grade assemblage is grt + bi + pl + gtz + sil
+/- kfs (Fig. 3b). Assemblages are shown on a standard
Thompson AFM projection from ms (Fig. 4). For those samples
containing kfs, a modified Thompson projection is used (Fig.
4). A regular partitioning of Fe and Mg is observed except

for two samples which cross-cut the other tie-lines.

Textures
Texturally the rocks contain porphyroblasts of grt, bi,

ky and ms with straight to gently curved grain boundaries at

17




Figure 3. Photomicrographs of representative thin
sections. Scale is the same for all pictures and is shown in
the bottom right.

a.
b.
c.

d.’

e.
f.

Low-grade grt + bi + mu + ky + pl + gtz schist.
High-grade grt + bi + sil + pl + kfs gniess.
Retrograde reaction grt + il = bi + ru.

Hbl + bi amphibolite.

Hbl + grt amphibolite.

Hbl + grt + opx + cpx amphibolite.




e. f:
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Figure 4. AFM projections for rocks of pelitic
composition. Dashed lines indicate those assemblages that
cross-cut the other tie-lines and are presumed to be
disequilbrium assemblages.
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the lower grades. In the kfs zone, rocks are more

equigranular, with triple junctions common at grain
boundaries. Retrograde effects are generally limited to
sericitization of flds and als. Fracture filling of grt by
chl was also observed. Most retrograde alteration was
associated with shear zones or other deformation fabrics. In
some samples ribbon gtz and fracturing of grt and f£1d were
observed.

Some samples in the amphibolite facies show rounded to
elliptical pods of ms + bi + pl + gtz. These may represent
psuedomorphic replacement of grt or possibly st.

In the granulite terrane, a retrograde reaction
involving grt and il breaking down to ru and bi was observed
in some samples (Fig. 3c¢). Bi grains are reddish brown and
radiate away from the ru and grt. This texture indicates
that a late, wet, relativly hot, retrograde event affected

certain parts of the high-grade terrane.

Mineral chemistry

Bi is generally euhedral, up to 1 mm in length. In the
low~grade rocks pleochroism is generally light green or
light brown to dark green, whereas in the high-grade rocks
the pleochroism is light brown to yellow or dark brown.
This may be a reflection of increasing Ti content in the bi
with increasing grade (Fig. 5). At higher grades bi becomes
subhedral to anhedral with irregular grain boundaries.

22




Figure 5. Plot of Ti versus Alyr in biotite. Filled
circles represent those samples from the ms-ky zone, open
circles sil-ms zone, and squares from the kfs-sil zone.
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Inclusions of gtz and fld are common at low grades with
inclusions of opaque minerals common throughout the field
area. Modal abundances of bi in the schists reach 60 %, and
in the felsic gneisses 10%. No compositional zoning was
observed in any of the samples, with grains containing minor
amounts of Ca, Mn, and Na (see data, appendix C).

Ms is euhedral, up to 1.5 mm in length. It is commonly
absent in the felsic gneiss. In schists it composes up to
30% of the rock. 1Inclusions of gtz and opaque minerals (il
?) are common. Compositionally ms contains small quantities
of phengitic and paragonite components, and a surprisingly
high celadonite component (see data, appendix C).

Pl is present as subhedral grains 0.3-1.0 mm in
diameter. Albite and complex twinning are common. Grains
are commonly bent with undulatory extinction. Pl composition
ranges from Anj; to Anj; (see data, appendix C). No trend
with increasing grade was observed, suggesting that Ca/(Ca +
Na) is controlled by bulk composition rather than
metamorphic grade in these rocks. Myrmekitic pl is common
above and close to the second sil isograd. This type of
texture has been interpreted as part of the prograde
sequence (Ashworth, 1986) and also a retrograde replacement
of kfs by myrmekite (Ashworth and McLellan, 1986).

Grt is generally subhedral to euhedral, though some
samples contain anhedral grains. Crystal size and abundance

increase with metamorphic grade. At low grade grt is most
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common in schists and rare in felsic gneiss. At higher
grades, grt is common in all rock types. Within the sil +
kfs zone hundreds of pinhead grts are occasionally
concentrated in an area of a few cm?. Inclusions of gtz,
pl, opaque minerals, and bi are common. Grts are
almandine-pyrope solid solutions with minor amounts of
spessartine and grossular (appendix C, see data). Zoning
from core to rim shows an increase in Fe in all but one
sample. Enrichment in Mn and Ca from core to rim is also
seen in some samples (Fig. 6).

Ky occurs only in the schistose rocks. It forms
euhedral grains 0.4-0.6 mm., aligned parallel to the
foliation. In rocks containing sil, ky has irregular grain
boundaries, indicating that ky is the unstable phase. Ky
also occurs in gtz + fld segregations as euhedral grains up
to 1.5 cm in length.

Near the ky-sil transition sil occurs as fibrolite
along pl and ms grain boundaries. Within the sil zone,
grains of sil become euhedral 0.3-0.75 cm., and are aligned
parallel to the foliation. Sil was only observed in the
more schistose rocks below the kfs + sil zone. Within the
kfs + sil zone, sil was present in both gneiss and schist.

Kfs occurs as large 0.50-1.75 cm euhedral grains.
Perthitic texture is common. Kfs composition is K* with Na™t
with minor Ca' (see data, appendix C)

Common accessory minerals are ep, ap, i1l, and py. Ru
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Figure 6. Grt compositions. Ternary diagrams of
Mn-Fe-Mg and Ca-Fe-Mg. Closed symbols represent core
compositions, open symbols represent rim compositions, and
tie-lines connect coexisting cores and rims. Circles

represent amphibolite facies samples squares represent
granulite facies samples.
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is present in granulite facies rocks, and mag is

occasionally observed in the amphibolite facies rocks.
METAIGNEOUS ROCKS

General Description

A variety of quartzo-feldspathic igneous bodies are
present in the field area. A large granitic body is located
in the south east corner of the Corbin Knob quadrangle. This
body has been correlated with the premetamorphic Rabun
granite complex (Yurkovich, 1984). A smaller granodioritic
body, which may be pre- to synmetamorphic, is located just
to the east of the Rabun granite (Yurkovich, 1984; and Grant
et al., 1986). This body is not foliated and is
predomianatly qtz + pl with kfs, bi, and rare grt.
Pegmatite dikes are common within the field area and are a
late feature, as they crosscut all previous foliations and
structures. These dikes contain pl + gtz + bi + ms + kfs.

Several ultramafic bodies occur in the eastern portion
of the field area. Two have been studied in detail, the
Corundum Hill (Yurkovich, 1984) and Mincey Mine (Hahn and
Hiemlich, 1984). Both of these bodies are dominatly dunite
with rare harzburgite}and olivine orthopyroxenite.
Alteration of the duﬁite aiong fractures to serpentine,
chlorite, and talc is common.

Amphibolites occur as lenses and boudins within the
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pelites and semipelites and as discrete mappable bodies.
Generally these units are well foliated and occasionally
folded by F3. Texturally, amphibolites are granoblastic with
hbl defining the foliation. In some samples grains have
serrated edges.

The amphibolites contain three main assemblages all
with pl and gtz: hbl + bi, hbl + grt, hbl + grt + opx + ¢px
(Fig. 3d,e,f). The assemblages hbl + grt and hbl + grt + opx
+ cpx are shown on an Al;03-Na0O-Ca0O-(FeO+MgO) tetrahedron
(Fig. 7). The hbl + bi assemblage is the result of a
difference in bulk chemistry, an excess amount of K,O0. Other

observed assemblages are hbl + grt + bi and hbl + cu + grt.

Amphibolite Mineral Chemistry

Hbl occurs as euhedral grains, 0.4-2.0 ¢m., and
commonly makes up greater than 50% of the rock. Grains have
a light green to dark green pleochroism at low-grade. As
metamorphic grade increases pleochroism changes to light
green to light brown as Ti content increases. At higher
grades a rim of light green hbl surrounds a light brown
core. This type of rimming has been attributed to retrograde
effects (Sen and Oliver, 1981). Site assignments were made
following the criteria of Robbins (1982): Si and Al in the
IV site; remaining Al, Mg, Fe, Mn, and Ti in the M1, M2, M3,
sites; Ca and remaining Fe in the M4 site; and K and Na in
the A site. Hbl shows an increase in the pargasite component
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Figure 7. Compostion tetrahedron for rocks of mafic
compositon. NaZO(N)-A1203(A)-Cao(C)—Feo + MgO(FM) are the
corners of the composition tetrahedron. Diagonal ruling
indicates the area that is common to both the low-grade (grt
+ hbl + pl) and the high-grade (grt + opx + cpx + hbl + pl)
assemblages. Circles represent sample from the ms-ky zone,
triangles represent grt-opx-cpx zone. '
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and in Ti content with increasing grade (see data, appendix
C).

Bi is usually euhedral, less commonly subhedral, with
a light brown to dark brown pleochroism. Inclusions of
opague minerals are common. Ti and Na/Na+K contents are
high, (see data, appendix C), probably as a result of bulk
chemistry.

Pl occurs as anhedral to subhedral 0.3-1.0 cm. grains.
Albite twinning is common. Ca content is high, Angg_g7, in
the non-px-bearing assemblages and drops to Anyg, (see data,
appendix C) in the px-bearing rocks.

Grt occurs as subhedral to euderal grains 0.4-1.0 cm
in size. Commonly grts poikilitically enclose pl, gtz,
opaque minerals, and cpx. Grts are
almandine-pyrope-grossular solid solutions, with a minor
spessartine component (see data, appendix C).

Cpx occurs as anhedral, 0.3-0.7 cm grains with a faint
pleochroism from green to light green. The Mg/Fe ratio is
2:1, with minor amounts of Mn and Na (see data, appendix C).
Cpx is poikilitically enclosed by grt or is associated with
OPX.

Opx is subhedral 0.3-.5 cm with a light green to pink
pleochroism. Opx has slightly more Mg then Fe (see déta,
appendix C). On a plot of Fe/Fe+Mg versus 100 Ca/Cat+Mg+Fe,
opx plots within the field of metamorphic px delineated by

Rietmeitser (1983).
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Quartz grains are anhedral with undulatory extinction.

Sphene is commonly present as rims around il grains.
Whether this reaction is prograde or retrograde is unclear
from textural relationships.

Ep occurs as anhedral, 0.1-0.2 cm grains in hbl-bi
rocks or as a symplectic intergrowth with gtz at hbl-pl
boundaries. This symplectite has been interpreted as a
retrograde reaction of hbl and pl breaking down to ep and
gtz. Ep was also observed filling late fractures.

Py, cp, and il are dommon opaque phases in the mafic

rocks.
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CHAPTER 1V

REACTIONS AND CONDITIONS OF METAMORPHISM
ISOGRADS AND METAMORPHIC REACTIONS

The observed sequence of isograds in the field is as
follows, the transition from ky to sil, the transition from
ms + gtz assemblages to kfs + sil assemblages, the
development of in-situ partial melts, all in the pelites,
and the transition from grt + hbl assemblages to grt + opx +

cpx + hbl assemblages in mafic schists.

Reactions in the Pelitic Rocks

The sil isograd is located approximately 1 mile east of
Franklin running éouthwest to northeast (Fig. 8). The
isograd marks the first appearance of fibrolitic sil in thin
section. Sil occurs along ms-pl grain boundaries, commonly
with anhedral poikiloblastic ky. Further west the sil grains
become euhedral and occur rarely with ky in the same thin
section. These textural relationships indicate that coupled
reaction(s), rather than polymorphic conversion, was the
mechanism by which transformation took place. Carmichial
(1969) has suggested a variety of coupled reactions,
involving ms as a catalyst.

The transition from ms + sil assemblages to kfs + sil

assemblages in rocks of pelitic to felsic composition occurs
35




studied.

Figure 8. 1Isograd map of the field area. Locations of
the ky = sil transition, ms dehydration to kfs and
appearence of migmatites, and the hbl dehydration to opx,
cpx, and grt are shown. Dots indicate locations of outcrops
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2-3 miles west of Franklin. Spatially associated with this
transition is the first appearance of migmatites,
interpreted to be in-situ partial melts.

The transition from ms-bearing assemblages to
kfs-bearing assemblages is relatively sharp. This may be due
to a paucity of outcrops in the transition zone or to the
presence of an unseen fault. Outcrop locations to the south
give enough control to indicate that the sequence is
relatively continuous and that the transition is abrupt.

The close spatial association of ms breakdown and the
first appearance of migmatites suggest these reactions may
be coupled. Thompson and Algor (1977) determined the system
of univariant reactions by which melts could be produced in
the system NaAlO,-KAlO;-Al,03-Si0,-H50, and later Thompson
and Tracy (1979) added Ca0O as a component. A schematic
pressure-temperature diagram (Fig. 9) shows the univariant
equilbria in this system. Two reactions may produce melts:

(1) ms + ab + gtz + HyO = als + melt;

(2) ms + ab + gtz = kfs + als + melt.

All other reactions involve kfs as a reactant, or do not
produce melts with the dehydration of ms. If water is
present as a free fluid phase then reaction (1) would
produce melts. If no free water is present, reaction (2)
would be the melt producing reacstion. Three lines of
evidence suggest that reaction (2) may have been the melting
reaction in this terrane:

1. If in-situ melts were produced by reaction (1) upon
38




Figure 9. Possible melt reactions. Schematic
pressure-temperature grid showing possible melt reactions
(from Thompson and Tracy, 1979).






crystalizing they would have expelled water. This would
presumably cause retrograde metamorphism in the surrounding
rocks, but very little retrograde effects were observed.

2. Kfs is present in the neosome of the rock, indicating it
was a product of the reaction involving the breakdown of ms
in addition to being produced as the result of the
crystallization of in-situ melts.

3. No HpO-rich inclusions were observed. The absence of
fluid inclusions usually is explained by the fluids never
being trapped or thier susquent destruction. An equally
consistent explanation would be that there was never any

fluid (except CO,) present to be trapped.

Reactions in the Amphibolites
Reactions in the amphibolites involve the dehydration

of hbl to form grt, opx, and cpx. The presumed reactions

are:
(3) 4 tr + 3 an = Mg-grt + 11 di + 7 gtz + 4H,0;
(4) tr + 7 gtz = 2 di + 3 en + HpO;
(5) 5 tr + 3 an =13 di + 3 en + 3 Mg-grt + 9 gtz +
5H,0.

These reactions are based on the textural evidence of grt
poikiliticly enclosing cpx for reaction (3), and cpx-opx
clusters for reactions (4) and (5). Another possible
opx-forming reaction is:

(6) tr + Mg-grt = di + 7en + an + H5O.

However, texturally grt does not appear to be a reactant. As
41




metamorphic grade increases, cpx occurs before opx (Fig. 8),
suggesting that cpx formed at slightly lower temperatures
than opx.

That opx and c¢px in amphibolites formed as a result of
reactions and not a difference in bulk chemistry can be
demonstrated by the composition tetrahedron
NaO-Ca0-Al,03-(FeO+Mg0O) (Fig. 7). The low-grade assemblage
grt + hbl + pl defines a surface within the tetrahedron. The
high-grade assemblage grt + opx + cpxXx + pl + hbl defines a
volume that contains a large portion of the surface of the
. low-grade assemblage, including the hbl composition of the
low-grade assemblage. Both low- and high-grade assemblages
can be generated, with the approximate modes, from the same
bulk chemistry. Spear (198l1), in an experimental study of
hbl stability, observed an increase in the pargasite and Ti
contents of hbl when involved in the production of px,

features which are also observed here.

Pressure and Temperature from Reaction Relationships
Constraints on the pressure and temperature of each
zone can be made based on reactions that have been studied
experimentally. The assemblage grt + bi + ky + ms + gtz is
constrained in pressure-tempérqture space by the maximum
temperature stability limits o{athe-minerals ky, st, and ms
in the presence of gtz (Fig. 10). The intersection of the

ky-to-sil transition (Holdaway, 1971) with the maximum
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Figure 10. Pressure and temperature constraints from
experimental reaction relationships. Reactions and

references are:

ky = sil (Holdaway, 1971),

st + gtz = grt
ms + gtz = kfs
bi + sil + gtz

+
+

als + HyO (Ganguly, 1972),
als + HyO (KRerrick, 1972),
crd + ms(kfs + Hy0) (Thompson, 1976).
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stability of st (Ganguly, 1972) places a lower pressure
limit of 7.5 kbar.

The assemblage grt + bi + sil + ms + gtz is constrained
by the lower temperature limit of sil, and the maximum
temperature limits of st and ms stability in the presence of
gtz (Kerrick, 1972) (Fig. 10). The intersection of st and ms
stability curves place lower temperature and pressure limits
of 700 deg C and 6.5 kbar on this assemblage. The
intersection of sil and ms stability places upper
temperature and pressure limits of 7.5 kbar and 750 deg C.

The assemblage grt + sil + kfs + gtz with interlayers
of mafic schist containing the assemblage grt + hbl with no
px, is constrained by sil, ms, crd (Thompson, 1976), and hbl
stability (Spear, 1981) (Fig. 10). The intersection of crd
and ms stability places lower pressure and temperature
limits of 6.0 kbar and 700 deg C. A maximum temperature of
800 deg C, between 6.5 and 10.75 kbar, is obtained by the
intersection of hbl, crd, and sil stability. The assemblage
hbl + grt + opx + cpx in mafic schists is constrained to
temperatures above 800 deg C, by the beginning breakdown
reaction of hbl.

The constraints of pressure and temperature on these
assemblages would suggest that the transition for
amphibolite to granulite facies, as represented by the
breakdowm of ms, occurred between 700 and 750 deg C at
pressures of 7.5 to 8.5 kbars.
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P-T FROM MINERAL EXCHANGE EQUILIBRIA CALCULATIONS

A variety of cation exchange reactions were used in
this study. Two-f1ld, two-px, grt-px, and grt-bi continuous
reactions were employed as geothermometers.

The most widely applicable was Fe-Mg exchange between
coexisting grt and bi. The Ky (Fe/Mggrt/Fe/Mgbi) has been
shown to be controlled primarily by temperature, with
pressure having very little effect on the reaction (Ferry
and Spear, 1978). Samples were chosen for study based on the
following criteria:

1. freshness of sample: no obvious retrograde effects
such as grt altering to chl.

2. location.

3. usefulness of mineral assemblage in also determining
pressure.

4, relative modal abundance of grt versus bi.

The assemblage of interest was grt + bi + ky(sil) + pl
+ gtz. This assemblage is widespread in the granulite facies
terrane, but relatively rare in the amphibolite facies
terrane. Within the amphibolite facies terrane the
assemblage grt + bi + ms + pl + gtz was the second
assemblage of choice.

Reequilibration of grt and bi at high grades has been
recognized as a problem in other granulites (Bohlen and
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Essene, 1980; Indares and Martignole, 1985). The
intracrystalline diffusion rate of Fe and Mg in bi is
considered to be faster than grt, i.e. grt is the
rate-controlling phase in the reaction. By using samples
with a high ratio of modal bi to grt, the effect of
reequilibration may be minimized.

Grt core with bi matrix (biotite not in contact with a
grt), and grt rim with bi in contact with a grt were used to
calculate temperature. Rim grt and bi contact gave
consistently lower estimates than grt core and bi matrix.
This is shown in Fig. 11, a plot of Fe/Mg in grt versus
Fe/Mg in bi, in which any point would represent a Kd for any
grt-bi pair. Two lines of equal Kd are illustrated,
representing temperatures of 500 and 800 deg C, at 6 kbar.
In 13 of the 14 samples, grt rim-bi contact gives a lower
temperature estimate than grt core-bi matrix. The one sample
(CN3-C) that gives a higher rim temperature is located near
the quartz diorite pluton and may have been reset by its
intrusion. The lower temperature estimates from rim
compositions can best be explained by retrograde
reequilibration as the rocks cooled. This interpretation is
consistené with the core-rim zoning patterns in the grts
(Loomis, 1975; Tracy, 1982). Therefore, grt core-bi matrix
analyses were used as the best estimate of peak metamorphic
conditions.

A variety of calibrations for the grt-bi geothermometer
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Figure 1l1. Mg/Fe in garnet versus Mg/Fe biotite. Closed
symbols are grt core-bi matrix pairs, open symbols represent
grt rim-bi contact pairs, with tie-lines connecting
coexisting grt cores and rims. Diagonal lines represent
equal Kd's which when used in the Ferry and Spear (1978)
calibration, would give calculated values of 500 deg C and
800 deg C at 7 kbar. Circles represent amphibolite facies
samples and squares represent granulite facies samples.
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have been proposed (Thompson, 1976; Goldman and Albee, 1977;
Ferry and Spear, 1978; Indares and Martingole, 1986).
Essene (1982) considered Ferry and Spear (FS) to be the
calibration of choice, as it gives consistent results in a
variety of rock types over a wide range of temperature and
pressure conditions. The FS calibration has two screens, Ca
+ Mn in grt < 0.2 and Ti+Alyt in bi < 0.15. Using FS as a
base, the Indares and Martingnole (IM) formulation attempts
to take into account the effect of these dilutents. Within
the amphibolite facies terrane both calibrations give
essentially the same result within the error of the
calculation (+/- 50 deg C). In the granulite facies terrane
FS gives much higher temperature estimates than IM. The
results of these calculations are summarized in Table 1.
These higher values are often geologically unreasonable. Bi
in samples from the granulite terrane have Ti+Alyp > 0.15,
indicating that the FS calculated value may be in error. The
IM calculation seems to give more consistent results in this
terrane. Temperature in the amphibolite facies terrane is
estimated to be approximately 620-700 deg C and in the
granulite terrane 700-780 deg C. Those samples which give
unreasonably high temperatures are the same samples that
showed crossing tie-lines in Fig. 4, indicating that these
samples are probably not in equilibrium.

Two-f1ld thermometry in the granulite facies terrane

gave a much lower temperature estimate (600-620 deg C) using
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Table 1: Grt-bi temperature estimates. Top number
represents temperature estimated from grt core-bi matrix
pairs, bottom number represents grt rim-bi contact pairs.
(* No rim compositions were collected on this sample, F72.)

grt bi
(Ca + Mn) (Ti + Al) K FS IM
CN3 .21 .16 .2339 683 716
.24 .16 .2518 715 770
CN10 .16 .12 .1917 607 639
.12 .15 .1829 592 575
CN13 .11 .17 .2592 731 639
.12 .16 .2032 630 571
CN21 .14 .13 .2267 672 671
.13 .15 .1782 583 577
CN25 .08 .14 .3693 931 876
.07 .14 .1769 580 634
CN56 .09 .18 .1986 621 568
.09 .18 .1590 546 492
CN73 .15 .13 .2532 722 749
11 .14 .1545 541 540
CN85 .06 .16 .2520 720 655
.07 .19 .1459 523 465
Fl .12 .17 .2364 696 639
.12 .18 L1711 573 528
Fl1 .12 .18 .3670 935 774
.06 .20 .1816 593 493
F29 .14 .16 .5524 1294 1187
.13 .16 .2454 712 643
F36 .04 .16 .2730 763 610
.11 .16 .1742 579 464
F38 .05 .17 .3276 862 712
.06 .16 .1962 621 547
F72 .13 .16 .3551 913 858
*
F77 .07 .14 .1981 " 625 590
.09 .16 .1830 596 573
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the formulation of Powell and Powell (1977). The perthitic
nature of the Kfs suggests that this is a reequilibration
temperature.

Two-px thermometry (Lindsley, 1983) was used for
sample F41, which presumably represents the maximum thermal
conditions in the area. Both px compositions plot on the 800
deg C partition line, with the tie-line paralleling those of
Lindsley (1983).

Fe-Mg exchange between grt-cpx (Ellis and Green, 1979)
was used to estimate temperature in the same sample. The
temperature estimate for this reaction is 780 deg C (Table
2). Both two-px and grt-cpx estimates are in good agreement
with the peak temperature conditions estimated from grt-bi
equilibria.

The reaction

(7) Ca-grt + als = an + gtz
can be used to estimate pressure (Ghent, 1976). The
calibration used (Newton and Haselton, 1981) has a reported
error of +/- 0.5 kbar. In the amphibolite facies terrane
this calculation gives a value of 5.3 kbar, and within the
granulite facies terrane values ranged from 6.5 to 8.1 kbar
(Table 3). The value of 10 kbar calculated from sample CN73
appears to be too high, but no explanation for this wvalue is
evident.

Below the ms dehydration reaction the assemblage grt +
ms + pl + gtz can also be used to calculate pressure. Two
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Table 2: Temperature and pressure estimates from the
assemblage grt-opx-cpx. Temperature was calculated using
the calibration of Ellis and Green (1979). Pressures were
calculated using the relationships of Perkins and Newton
(1981). Kq is calculated from the assemblage grt-opx-pl, Kj
is calculated the from assemblage grt-cpx-pl.

F41

XpeItt  .5643
Xygdtt  .2115
X 9Ft L1963
XpeCP¥ L1711
XqgCP¥  .4104
XeaCP¥  .4185
K 5.066
T deg C 784
Ky .1174
Ko .0478
Py kbar 10.0

Py kbar 7.5
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Table 3: Grt-pl-als pressure estimates. Calculations from
the calibration of Newton and Haselton (1981).

CN56 CN73  Fll F36 F38 F77
acg9ft  .0651  .1461  .0631  .0426 . .0604  .0659
acsPL .7388  .5205  .4299  .3647  .4233  .5543
PO 12.2 15.1  17.6  17.3  16.2  13.3
P kbar 5.3 10.1 6.9 6.7 8.2 5.3
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continuous reactions can be written:

3 an + Fe-bi;

(8) Fe-grt + Ca-grt + ms

(9) Mg-grt + Ca-grt + ms 3 an + Mg-bi.
The thermodynamic relationships for these two reactions were
empirically derived by Ghent (1981), and reaction (9) was
recalculated by Hodges and Crowley (1985) using a larger
data base. The values from the Hodges and Crowley
calibration range from 5.0 to 6.9 kbar in the amphibolite
facies (Table 4), with an estimated error of +/- 0.8 kbar.
In sample F41 pressure was calculated from Ca exchange
between grt + cpx + pl and grt + opx + pl, using the
calibration of Perkins and Newton (1981). These authors
suggested that grt + opx gives a high pressure estimate
while grt + cpx gives a low pressure estimate. An average
of these two estimates gives a value of 8.8 kbar (Table 2).
The results of the grt-bi thermometry and grt-pl-als,
grt-pl-ms barometry and calculations from the grt-opx-cpx
assemblage are summarized in Fig. 12. A 700 deg C contour
can be drawn that approximately separates the amphibolite
facies from the granulite facies terrane. A 6.5 kbar contour
can also be drawn that separates the two terranes. This
indicates that the granulite terrane was at a higher
temperature and pressure than the amphibolite terrane. A

gradual transition from amphibolife togéranulite facies

~c

conditions is not apparent from the calculations made. This
may be the result of the effects of retrograde -
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Table 4: Grt-pl-ms pressure estimates. Pressure estimates
are calculated from Hodges and Crowly (1985)

CN3 CN10 CN13 CN25 CN56

XcaPl  .2344 .3086 .2971 .3390 .2737
XygPt  .4000 .4351 .3931 .4252 .4647
XpePl  .4745 .4273 .4396 .4421 .3601
Xg™S  .8741 .8600 .9746 .8825 .8835
Xa1™S  .8382 .8479 .8491 .8424 .9081
XygIFT 1324 .1585 .1554 .2329 .1741
XpeITt  .6670 .7439 .7340 .6934 .7427
Xoa9Ft .0560 .0491 .0626 .0469 .0545
Mg K; 3198 8307 2473 3669 7997
Fe K  47.6 76.1 32.3 36.2 77.1

P kbar 6.9 5.9 6.3 6.2 5.9
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Figure 12. Map of temperature and pressure
calculations. The number above the sample location is its
temperature (by deg C) and the number below is its pressure.
The pressure calculation in brakets was calculated from the
assemblage grt-ms-pl, all others are from the assemblage
grt-als-pl. A 700 deg C contour was drawn for both the Ferry
and Spear (1978) (FS) calibration and the Indares and
Martinogle (1985) (IM) calibration. A 6.5 kbar contour was
drawn between all of the pressure calculations. Compare
with Fig. 8 for location of isograds. Filled in circles
represent ms-ky zone samples, open circles sil-ms zone, and

squares kfs-sil zone.
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reequilbration, the error invloved in the calculations,

and/or the effect of post-metamorphic deformation.

A compatibility diagram in which the pressure and
temperature of each sample is shown in relationship to the
assemblages present in the rock illustrates which
calculations may be correct (Fig. 13). Also shown is the
area in pressure-temperature space determined by
experimental reaction relationships and the approximate
placement of the reactions determined to have occurred in
the field area. With the exception of the sample which is
out of equilibrium (CN21) and the sample which records an an
anomalously high pressure (CN73), the samples fall, within
error of the calculations, in the stability fields of the
observed mineral assemblages. A group of samples fall
outside of the range in pressures and temperatures
determined by reaction relationships. This may indicate
that these samples are giving anomalously low temperature
and pressure estimates or, at least in the case of the
als-free assemblages, reached only the st-ky grade of
metamorphism and provide a good approximation of the peak

metamorphic conditions.

FLUID COMPOSITION

The activity of water can be estimated in the
amphibolite facies from the equilibrium reaction

(10) paragonite + gtz = ab + ky + Hy0
59



Figure 13. Presure and temperature diagram. Plot
showing the reactions that occur or possibly occur in the
field area. Ky = sil transition from Holdaway (1971),
melting reactions from Thompson and Tracy (1979). Hbl
dehydration reactions from Percival (1984) and Spear (1981).
Data for Winding Stair Gap (wsg) from Absher and McSween
(1985). Shaded area represents range in pressure-temperature
conditions estimated by experimental reactions.

60



=

—
~———
N @

I

|d-xda-xdo

Z3b4qy

R
B -
&

P,kbar 801

61

I—\
®
a
(¥ ]
*
= = a
w w 0
i 2
E x @
oN IR |
L 1 L 1
Q o
- S 3 3

700

600

500



using the method of Ghent (1979). This calculation gives a

value of aHZO = 0.8.

within the granulite terrane, the reaction

(11) Bi + sil + gtz = kfs + grt + Hy0
can be used to estimate water activity using the
relationships of Phillips (1980). The calculated value is
aH,0 = 0.25. This is similar to the value calculated by
Absher and McSween (1986), 0.2, at Winding Stair Gap.

Fluid inclusion data indicate that the dilutent fluid
phase was COp with minor amounts of methane. Isochores
calculated from these fluid inclusions do pass through the
temperature and pressure space delineated above; however,
the small data set and secondary nature of the fluid
inclusions suggest that any interpretations made from them

are suspect (appendix D).
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CHAPTER IV

DISCUSSION OF THE AMPHIBOLITE-TO-GRANULITE FACIES TRANSITION

SINGLE VERSUS POLYMETAMORPHISM

IN THE GRANULITE TERRANE

The presence of granulite terranes of Grenville age in
other parts of the Blue Ridge (Bartholew, 1984; Gully, 1985)
might suggest that this granulite terrane is also
Precambrian. The boundary between the amphibolite and
granulite facies would then represent a contact between
Paleozoic cover rocks metamorposed to the upper amphibolite
facies and Grenville-age granulite rocks that have been
remetamorposed to the upper amphibolite facies. As the older
rocks would have already been dehydrated by the first
metamorphism, the second metamorphism would have had limited
effects, mainly forming grt rims re-equilbrating with bi to
the temperature conditions of the second event.

The continuous metamorphic sequence observed here and
by Eckert (1985) would suggest one progressive event. The
alternative would require that the granulite terrane
outcrops in such a way that the metamorphic sequence is
preserved from both the west and the east. While assigning
the rocks in the granulite terrane to specific sections of
the known cover sequence has been difficult (Absher, 1984;
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Eckert, 1985; Absher and McSween, 1985; McSween and Hatcher,
1985; and this study), there has been general agreement that
the structural history of the granulite terrane is similar
to the lower grade Paleozoic rocks and not to Grenville

basement, exposed elsewhere.

The presence of spinel and corundum as inclusions in

grt at winding Stair Gap implies that, at some point in

their history, those rocks were at a higher temperature and
pressure than previously determined (E. McLellan, pers.
comm., 1987). McLellan has proposed two discrete granulite
events to explain the presence of these phases: an early,
high-pressure, high-temperature event, followed by a later
granulite event that did not reach the same extreme
conditions, and which overprints the early event. At present
it would appear that one single progressive event best
describes the development of this terrane; however, more
study, especially the determination of isotopic age dates,

will help constrain the evolution of this terrane.
THE DEVELOPMENT OF GRANULITE FACIES CONDITIONS

Two methods for developing the temperatures and
pressures appropriate for granulite terranes have been
proposed (Bohlen, 1983):

1. Increase in temperature alone caused by a nearby

magmatic intrusion; or
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2. Increasing depth of burial with a corresponding
increase in temperature and pressure.

It is also clear that the production of granulites
requires a change in the fluid phase accompanying
metamorphism. This may be accomplished by:

1. dilution of the fluid by non-hydrous components
mainly COy: or

2. physical removal of the fluid from the system.

A change in the fluid phase is suggested by the
different calculated water activities in the amphibolite
facies and granulite facies terranes. Fluid inclusion
evidence (appendix D) suggests that the other phases present
are COp with a minor amount of CH4. CO; is a common fluid
phase observed in almost every granulite terrane (Touret,
1971; Newton et al,1980. Influx of CO, from an outside
source, e.g. by degassing of the mantle, has been observed
in some other terranes, such as in India (Janardhen et al.,
1982). This influx of CO, has been proposed as the main
controlling factor in granulite facies metamorphism (Newton,
1985, and 1986). No obvious passageways for fluid movement
or fluid fronts, such as those in India, have been observed
in this terrane.

Local sources for the carbon are enigmatic. The closest
carbonates occur in the Murphy Syncline, which is at a lower
metamorphic grade and was presumably at a higher structural

level during metamorphism. Calc-silicates are present but do
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not appear to be a volumetrically significant enough portion
of the stratigraphic section to control the fluid phase
throughout the terrane. Mohr and Eckert (1986) suggested a
possible source to be the devolatilization of limestones
present below a major reflector on seismic sections (the
Great Smoky Fault). A major timing problem remains as the
Great Smoky Fault is believed to be Alleghanian in age
(Hatcher and Odem, 1978), whereas peak metamorphism is
believed to be Taconic. This would mean the CO; influx from
this source would have had to have been part of a major
retrograde metamorphic event that is not observed. Another
possible source may have been graphitic rocks in the Coweeta
Group and Tallulah Falls Formation described by Hatcher
(1976) in the Prentiss quadrangle and Eckert (1985) in the
Wayah Bald quadrangle. The reaction

C + 2H,0 = CO, + 4H,
is considered to proceed with increasing temperature (Ohmoto
and Kerrick, 1977). The effect of this reaction would be to
lower the XH,0 while increasing XCO;. This reaction would
be a continuous reaction; however it appears that the drop
in aH70 is related to the dehydration of ms.

Experimental studies have shown that water is
preferentially included in melts over CO, (Grant, 1973;
Phillips, 1980; Wells, 1980) at modest pressures. Thus,
partial melting may have lowered the water activity in the
restite and paleosome. Migration of these melts to higher
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structural levels would have effectively removed H,0 from

the system. Of the two probable melt reactions, one has
water as a reactant and the other requires that no water be
present in a free fluid phase. If H,0 was a reactant in the
melting reaction, the effect would have been to lowér the
aH>0 in the remaining rock. If there was no free HO
present, then the breakdown of ms would lower the aH,O for
the whole system. As the melting reaction (2) appears to be
the most probable of the two, this would indicate that the
calculated values for the aH,0 may not be related to the
XH,0. This would also suggest that Pf1yid < Ptotal-

A variety of mechanisms may have been responsible for
lowering water activity. The most likely are an effect of
the increasing temperature of metamorphism and the
development of in-situ partial melts, in which water was
included, effectively lowering the amount of H,0 present in
the rocks. ‘

Pressure and temperature calculations in this study
indicate that the granulite facies terrane was at both a
higher temperature and pressure than the amphibolite
terrane. An increase in depth of burial with a corresponding
increase 'in temperature appears to have been the primary
mechanism by which this terrane was formed.

Metamorphism due to continental thickening is
considered to be the result of overthrusting (Thompson and

England, 1984). Such a mechanism would result in a cooling
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path that would involve a gradual decrease in temperature
with pressure. Absher and McSween (1986) postulated a nearly
isobaric cooling path at Winding Stair Gap, based on the
presence of ky in non-foliated fld-gtz segregations
interpreted to be partial melts that crystallized upon
post-peak cooling. This same relationship was observed
within the field area. This shows that crystallization of
the melts occurred within the ky stabliﬁy field. Lowering
temperature with constant pressure from the presumed peak
conditions is the easiest way to develop this relationship.
Isobaric cooling paths in metamorphic terranes are generally
considered to be the result of cooling of nearby magmas
(England and Richardson, 1977; Thompson and England, 1984).
Postmetamorphic plutons are present within the Hayesville
thrust sheet (Miller et al., 1983), and a quartz diorite
pluton is located within the study area (Yurkovich, 1983;
this study). However, none of these plutons are spatially
associated with the granulite terrane.

A possible mechanism that incorporates both an increase
in depth of burial with an isobaric cooling path would be to
raise the geothermal gradient by increased tectonic activty,
resulting in continental overthrusting. This increased
tectonic activity would correspond with the Taconic orogeny,

supposedly a time of plate collision (Hatcﬁer, 1978).‘

P

Magmatic activity on a regional scale during such an event

would be expected. As tectonic activity waned and magmas-
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cooled, the effect would be an isobaric cooling path if

cooling of these plutons was faster than uplift and erosion.
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CHAPTER VI

CONCLUSIONS

1. A contact between the Otto Formation and the Coweeta
Group/Talullah Falls Formation can be delineated in the
Corbin Knob quadrangle. This contact may be a continuation
of the Shope Fork Fault.

2. Structural history and style are similar in the
amphibolite and granulite terranes: an early F1l isoclinal
folding event that transposes original bedding; an F2
isoclinal folding event that forms the dominant foliation;
late open to isoclinal folds, F3, that fold this foliation.
This sequence is similar to the regional deformation schemes
of Hatcher and Butler (1979) and Glover, et al. (1980).,
suggesting that granulite facies metamorphism was a part of
the regional Paleozoic metamorphic event.

3. A series of prograde zones, ky + ms, sil + ms, sil +
kfs in the pelitic rocks, and grt + hbl, grt + opx + cpx +
hbl in the amphibolites, document a reasdnable continuous
metamorphic sequence. The transition from amphibolite to
granulite facies has been placed at the boundary between the
sil + ms and sil + kfs zones.

4. The ky + ms, sil + ms zones can be related by a
coupled reaction probably involving ms as a catalyst. The

close spatial association of the second sil isograd and the
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appearance of migimatites indicate these reactions are
related. Based on several criteria, the presumed melting
reaction was:

ms + gtz + ab = kfs + als + melt.

5. Bulk rock chemistry, mineral chemistry, and phase
relations show that opx and cpx formed as the result of the
continuous breakdown of hbl by the reactions:

4 tr + 3an

3 Mg-grt + 11 di + 7 gtz + 4 Hp0; and

tr + 7 gtx = 2 di + 3 en + HyO.

6. A change in aH,O , from 0.8 to 0.2, was determined
based on calculated values in the amphibolite and granulite
facies terranes. This drop in the activity of water has been
related to the development of in-situ partial melts. Based
on the presumed melting reaction and the absence of any HyO
rich fluid inclusions, it is possible metamorphism occurred
in the absence of a free aqueous fluid phase.

7. Temperatures and pressures are estimated to have.
been 580-680 deg C, 5.5-6.8 kbar in the amphibolite facies
terrane, and 680-780 deg C, 6.5-8.5 kbar in the granulite
facies terrane. This shows that an increase in the depth of
burial with a corresponding increase in the temperature
played an important role in the development of this
metamorphic sequence. The postulated isobaric coocling path
would indicate that crustal thickening with concurrent

magmatic activity would produce the calculated conditions

under which metamorphism occurred.

71



REFERENCES



Absher, B. S., 1984, Petrogenesis of granulite facies
rocks at Winding Stair Gap, North Carolina Blue Ridge:
M. S. Thesis University of Tennesee, 131 p.

Absher B. S. and McSween H. Y. Jr., 1985, Granulites an
Winding Stair Gap, North Carolina: The thermal axis of
Paleozoic metamorphism in the Southern Applachians:
Geological Society of Americia Bulletin, v. 96, p
588-599.

Albee, A. L., and Ray, L., 1970, Correction factors for
electron microanalysis of silicates, oxides,
carbonates, phosphates, and sulfates: Analytical
Chemistry, v. 42, p. 1408-1414.

Allen, G. C., and Ragland, P. C., 1972, Chemical and
mineralogical variations of prograde metamorphism;
Great Smoky Mountains, North Carclina and Tennessee:
Geological Society of America Bulletin, v. 83, p.
1285-1298.

Ashworth, J. R., 1986, Myrmekite replacing albite in
prograde metamorphism: American Mineralogist, v. 71,
p. 895-899.

Bartholomew, M. J., 1983, Palinspatic reconstruction of the
Grenville terrane in the Blue Ridge province, southern
and central Applachians, USA: Geological Journal, v.
18, p. 241-253.

Bence, A. E., and Albee, A. L., 1968, Emperical correction
factors for the electron microanalysis of silicates
and oxides: Journal of Geology, v. 76, p. 382-403.

Bohlen, S. R., 1983, Retrograde P-T paths for granulites:
EOS, v. 64, p. 878.

Bohlen, S. R., and Essene, E. J., 1980, Evaluation of
co-existing garnet-biotite, garnet-clinopyroxene and
Mg-Fe excange thermometers in Adirondack granulites:
Geological Society of America Bulletin, v. 91, p.
685-719.

Butler, R. J., 1972, Age of Paleozoic regional
metamorphism in the Carolinas, Georgia, and Tennessee;
Southern Applachians: Amercian Journal of Sciences, v.
272, p. 319-333.

73



Carmichael, D. M., 1969, On the mechanism of prograde
metamorphic reactions in quartz-bearing pelitic rocks:
Contributions to Mineralogy and Petrology, v. 20, p.
244-267.

Carpenter, R. H., 1970, Metamorphic history of the Blue
Ridge provinces of Tennessee and North Carolina:
Geological Society of Americia Bulletin, v. 81, p.
749-762.

Cook, F. A., Albaugh, D. S., Brown, L. D., Kaufman, S.,
Oliver, J. E. and Hatcher, R. D. Jr., 1979, Thin
skinned tectonics in the crystalline Southern
Applachians; COCORP seismic reflection profilling of
the Blue Ridge and Piedmont: Geology, v. 7, pP.
563-567.

Dallmeyer, R. D., 1975, Incremental 40Ar/39Ar ages of
biotite and hornblende from retrograded basement
gneisses of the Southern Blue Ridge their bearing on
the age of Paleozoic metamorphism: American Journal of
Science, v. 275, p. 444-460.

Eckert, J., 1985, Stratigraphic, structure, and
metamorphism of the east half of the Wayah Bald
quadrangle, North Carolina: evidence for Paleozoic
granulite facies metamorphism in the southern
Applachians: M. S. Thesis, University of South
Carolina. ’

Ellis, D. J., and Green, D. H., 1979, An experimental study
of the effect of Ca upon garnet-clinopryoxene Fe-Mg
exchange equilbria: Contributions to Mineralogy and
Petrology, v. 71, p. 13-22.

England, P. C., and Richardson, S. W., 1977, The influence
of erosion upon the minerla facies of rocks from
different metamorphic environments: Journal of the
Geological Society of London, v. 134, p. 201-213.

Essene, E. J., 1982, Geclogic thermometry and barometry; in
Ferry, J. M., ed., Characterization of metamorphism
through mineral equlibria: Reviews in Mineralogy,
Mineralogical Society of Americia, v. 10, p. 153-206.

Ferry, J. M. and Spear, F. S., 1978, Experimental
calibration of the partioning of Fe and Mg between
biotite and garnet: Contributions to Mineralogy and
Petrology, v. 66, p. 113-117.

74



Force, E. R., 1976, Metamorphic source rocks of titanium
placer deposits- A geochemical cycle: USGS
professional paper #959-B.

Ganguly, J., 1972, Staurolite stability and related
paragenesis theory, experiments, and applications:
Journal of Petrology, v. 13, p. 335-365.

Ghent, E. D., 1976, Plagioclase-garnet—Al2SiO5—quartz: A
potential geothemeter gecbarometer: Americian
Mineralogist, v. 61, p 710-714.

Ghent, E. D. and Stout, M. Z., 1981, Geobarometry and
geothermetry of plagioclase-biotite-garnet-muscovite
assemblages: Contributions to Mineralogy and
Petrology, v. 76, p. 92-97.

Ghent, E. D., Robbins, D. B., and Stout, M. Z., 1979,
Geothermometry, geobarometry, and fluid compositions
of metamorphosed calc-silicates and pelites, Mica
Creek, British Columbia: American Mineralogist, v. 64,
p. 874-885.

Glover, L., III, Speer, A., Russell, G. S., and Farrar, S.
S., 1983, Ages of regional metamorphism and ductile
deformation in the central and southern Applachians:
Lithos, v. 16, p. 223-245.

Goldman, D. S., and Albee, A. L., 1977, Correlation of
Mg/Fe partioning between garnet and biotite with
1 0/160 partioning between quartz and magnetite:
American Journal of Science, v. 277, p. 750-767.

Grant, J. A., 1973, Phase equlibria in high-grade
metamorphism and partial melting of pelitic rocks:
Americian Journal of Science, v. 273, p. 289-317.

Gulley, G., 1985, A Proterzoic granulite-facies terrane on
Roan mountain western Blue Ridge belt, NC-Tennessee:
Geological Society of America Bulletin, v. 96, p.
1428-1439.

Gulley, G., and Monrand, J., 1983, Metamorphic history of

: Proterzoic granulite-facies gneisses, Roan Mountain,
NC-TN: Geological Society of Americia Abstacts with
Programs, v. 15, p. 51.

- 75



Hadley, J. B., and Nelson, A. E., 1971, Geologic map of the
Knoxville quadrangle North Carolina, Tennessee, and
South Carolina: United States Geological Survey,
Miscellaneous Investigations Map I-654, scale
1:250,000.

Hahn, K. R. and Hiemlich, R. A., 1977, Petrology of the
dunite exposed at the Mincy Mine, Macon Co., North
Carolina: Southeastern Geology, v. 19, p. 39-53.

Hatcher, R. D., 1972, Developmental modal for the southern
Applachians: Geological Society of America Bulletin,
v. 83, p. 2735-2766.

Hatcher, R. D., 1971, Basement versus cover rocks in the
Blue Ridge of Northeast Georgia, northwestern South
Carolina and adjacent North Carolina: American Journal
of Science, v. 273, p. 671-685.

Hatcher, R. D., 1976, Introduction to the geclogy of the
eastern Blue Ridge of the Carolinas and nearby
Georgia: Carolina Geological Society Field Trip
Guidebook, October 23-24, 28 p.

Hatcher, R. D., 1978, Tectonic of the Western Piedmont and
Blue Ridge, southern Applachian; review and
speculation: American Journal of Science, v. 278, p.
276-304.

Hatcher, R. D., 1979, The Coweeta Group and Coweeta
Syncline; major features of the North Carolina-Georgia
Blue Ridge: Southeastern Geology, v.21, p. 17-29.

Hatcher, R. D., 1980, Geological map and mineral resources
summary of the Prentiss quadrangle: North Carolina
Geological Survey Section, North Carolina Department
of Natural Resources and Communinity Development,
scale 1:24000.

Hatcher, R. D., and Butler, J. R., 1979, Guidebook for
southern Applachian field trip in the Carolinas,
Tennessee, and northeastern Georgia: International
Geological Corrlation Program, Caledonide Orogen
Program 27.

Hatcher, R. D., Butler, J. R., Fullagar, P. D., Secor, D.
T., and Snoke, A. W., 1980, Geological synthesis of
the Tennessee-Carolina-northeast Georgia southern
Applachians, in: Wones, D. R., ed. Proceedings of the
Caledonides in the USA, International Geology
Corralation Program Memoirs, p. 83-90.

76



Hatcher, R. D., Hooper, R. J., Petty, S. M., and Willis, J.
D., 1984, Structure and chemical petrology of three
southern Applachian mafic-ultramafic complexes and
their bearing upon tectonics, emplacement, and origin
of Applachian ultramafic bodies: Americian Journal of
Science, v. 284, p. 484-506.

Hatcher, R. D., Hopson, J. L., Edelman, S§. H., Liu, A., and
McClellan, E. A., 1986, Detailed geologic map of the
Applachian Ultradeep Core Hole (ADCOH) region: New
constraints on the structure of the southern
applachians internides; Geological Society of America:
Abstracts with Programs, v. 18, p. 631.

Hatcher, R. D., Hopson, J. L., Edelman, S. H., Liu, A.,
McClellan, E. A., and Stivie, A. L., 1987, Geologymap
Applachian Ultradeep Core Hole (ADCOH) site: detailed
map and cross sections of a major part of the
crystalline southern Applachians: Geological Society
of Americia: Abstracts with Programs, v. 19, p.89.

Hodges, K. V., and Crowley, P. D., 1985, Error estimation
and emperical geothermobarometry for pelite systyms:
American Mineralogist, v. 70, p. 702-709.

Holdaway, M. J., 1971, Stabiltiy of andalusite and the
aluminum silicate phase diagram: Americian Journal of
Science, v.271, p. 97-131.

Hurst, V. J., 1973, Geology of the southern Blue Ridge
Belt: American Journal of Science, v. 273, p. 643-670.

Indares, A., and Martignole, H., 1985, Biotite-ganet
geothermometry 1in the granulite facies: the influence
of Ti and Al in biotite: American Mineralogist, v.
70, p. 272-278.

Indares, A., and Martignole, H., 1985, Biotite-garnet
geothermometry in granulite facies rocks, evalution
of equilbrium criteria: Canadian Mineralogist, v. 70,
p. 272-278. o

Janardhan, A. S., Newton, R. C., and Hansen, E. C., 1982,
The transformation of amphibolite facies gneiss to
charnokite in southern Karnotaka and northern Tamil
Nadu, India: Contributions to Mineralogy and
Petrology, v. 79, p¢ 130-149.

Kretz, R., 1983, Symbols for the rock-forming minerals:
American Mineralogist, v. 68, p. 277-279.

77



Kulp, J. L. and Eckelman, F. D., 1961, K-Ar isotopic ages
on miocas from the southern Applachians: New York
Academy of Science Annals, v. 91, p. 408-413.

Lesure, F. G., 1966, Open file map of the Franklin
quadrangle, North Carolina, USGS scale 1/24000.

Lindsley, D. H., 1983, Pyroxene thermometry: Americian
Mineralogist, v. 68, p. 477-493.

Long, L. E., Kulp, J. L., and Eckelman, F. D., 1959,
Chronolgy of major metamorphic events in the
southeastrn United States, Americian Journal of
Science, v. 257, p. 585-603.

Loomis, T. P., 1975, Reaction zoning in garnet:
Contributions to Mineralogy and Petrology, v. 52, p.
285-305.

McElhaney, M. S., and McSween, H. Y., 1983, Petrology of
the Chunkey Gal Mountain mafic-ultramafic complex, NC:
Geological Society of American Bulletin, v. 94, p.
855-874.

McSween, H. Y., and Hatcher, R. D., 1985, Ophiolites(?) of
the southern Applachian Blue Ridge: in Field trips in
the southern Applachians.

Mehnart, K. R., 1968, Migimatites and the origin of grantic
rocks: Amsterdam, Elsevier, 393 p.

Miller, C. F., Sando, T. W., Fullagar, P. D., and Kish, S.
A., 1983, Low Potassium plutonism in the Blue Ridge of
- North Carolina and Northern Georgia: Geological
Society of Americia Abstracts with programs, v. 15, p.
46.

Mohr, D. W., and Eckert, J. 0., 1986, Contrasting patterns
of produciton of violtiles and granitic rocks
resulting from Taconic collision within the Blue Ridge
Province SW NC and NE GA: Geological Society of
America Abstracts with Programs, v. 18, p. 256.

Morgan, B. A., 1972, Metamorphic map of the Applachians:

United States Geological Survey Miscellaneous
Investigations, Map I-724, scale 1:2,500,000.

7€



Nesbitt, B. E., and Essene, E. J., 1982, Metamorphic
thermometry and barometry of a portion of the southern
Blue Ridge province: American Journal of Science, v.
282, p. 701-729.

Newton, R. C., 1985, Temperature, pressure and metamorphic
fluid regimes in the amphibolite to granulite facies
transition zones: in The deep Proterzoic crust in the
North Atlantic provinces, Tobi, and Touret; eds.

Newton, R. C., 1986, Fluids of granulite facies
metamorphism, in Fluid-Rock interactions during
metamorphism, Walther, J. V., and Wood, B. J., eds.

Newton, R. C., Smith, J. V., and Windley, B. F., 1980,
Carbonic metamorphism, granulites and crustal growth:
Nature, v. 288, p. 45-50.

Newton, R. C., and Haselton, H. T., 1981, Thermodynamics of
the garnet-plagioclase-Al;SiOg-quartz geobarometer, in
Thermodynamics of minerals ang melts: New York,
Springer Verlag, p. 131-147.

Nicholls, J., and Crawford, M. L., 1985, Fortran programs
for calculation of fluid properties from
microthermometeric data on fluid inclusions: Computers
and Geosciences, v. 11, no. 5, p. 619-645.

Ohmoto, H., and Kerrick, D., 1977, Devolatilization
equilbria in graphitic systyms: Americian Journal of
Science, v. 277, p. 1013-1044.

Percival, J. A., 1983, High-grade metamorphism in the
Chapleu-Folyet area Ontario: American Mineralogist, v.
68, p. 667-686.

Perkins, D. and Newton, R. C., 1981, Chanokite
geobarometers based on co-existing
garnet-pyroxene-plagioclase-quartz: Nature, v. 292 p.
144-146.

Phillips, N., 1980, Water activity changes across an
amphibolite-granulite facies transition, Broken Hill,
Australia: Contributions to Mineralogy and Petrology,
v. 75, p. 377-386.

Powell, M. and Powell, R., 1977, Plagioclase-Alkali

feldspar revisted: Mineralogical Magazine, v. 41, p.
253-256.

79



Rankin, D. W., 1975, The continetal margin of eastern North
Carolina in the southern Applachians: the opening and
closing of the Proto-Atlantic Ocean: Americian Journal
of Science, v. 275-A, p. 298-336.

Rankin, D. W., Espenshade, G. H., and Shaw, K. W., 1973,
Stratigraphy and structure of the metamorphic belt in
northwestern North Carolina and southwestern Virginia:
a study from the Blue Ridge across the Brevard fault
zone to the Sauratown Mountains Anticlinorium:
American Journal of Science, v. 273-A, p. 1-40.

Rietmeijer, F. J. M., 1983, Chemical distinction between
igneous and metamorphic orthopyroxenes especially
those coexisting with Ca-rich clinopyroxenes: a
re-evaluation: Mineralogical Magazine, v. 47, p.
143-151.

Robinson, P., Spear, F. S., Schumacher, J. C., Laird, J.,
Klein, C., Evans, B. W., and Doc¢lan, B. L., 1981,
Phase relations of metamorphic amphiboles: natural
occurance and theory: in; Ribbe, P., ed. Amphiboles:
petrology and phase relations, Reviews in Minsrlogy,
v. 9b, p. 390.

Sen, S. K., and Oliver, R. L., 1981, Secondary hornblendes
in some granulite facies rocks form the Mann Ranges,
Austrilia: Journal of the Geological Society of
Austrilia, v. 28, p. 137-140.

Spear, F. S., 1981, An experimental study of hornblende
stability and compositonal variability in amphibolite:
American Journal of Science, v. 281, p. 697-734.

Thompson, A. B., 1976, Mineral reactions in pelitic rocks:
II. Calculation of some P-T-X(Fe-Mg) phase relations:
American Journal of Science, v. 276, p. 425-454.

Thompson, A. B., and Algor, J. R., 1977, Model systyms for
anatexis of pelitic rocks, I: Contributions to
Mineralogy and Petrology, v. 63, p. 247-269.

Thompson, A. B., and Tracy, R. J., 1979, Model systyms for
anatexis of pelitic rocks, II: Contributions to
Mineralogy and Petrology, v. 70, p. 429-438.

Thompson, A. B., 1982, Dehydration melting of pelitic rocks
and the generation of HjO-undersaturated granitic
liguids: American Journal of Science, v. 282, p.
1567-1595.

80



Thompson, A. B., and England, P. C., 1984,
Pressure-temperature-time paths of regional
metamorphism II. Their influence and interpation
amoung mineral assemblages in metamorphic rocks;
Journal of Petrology, v. 25, p. 929-955.

Tracy, R. J., 1982, Compositional zoning and inclusions in
metamorphic minerals, in Ferry J. M., ed.,
Characterization of metamorphism through mineral
equilibria: Mineralogical Society of Americia, Reviews
in Mineralogy, v. 10, p.355-397

Wells, P. R. A., 1980, Thermal models for the magmatic
accreation and susquent metamorphism of continetal
crust: Earth and Planetary Science Letters, v. 46, p.
253-265.

Yurkovich, S. P., 1977, The corundum hill dunite, Macon
Co., N. C.; Southeastern Geology, v. 19, p. 55-68.

Yurkovich, S. P., 1983, Tonalite dikes and gquartz diorite
plutons in the North Carolina Blue Ridge: Are they
related ?; Geological Society of Americia: Abstracts
with Programs, v. 15, p. 46.

81



APPENDIXES



Mineral Abbreviations,

ab = albite

als = almino silicate

an = annorthite
ap = apatite

bi = biotite

chl = chlorite

cp = chalcopyrite
cpx = clinopyroxene
crd = cordierite
cu = cumingtonite
di = diopside

en = enstatite

ep = epidote

fld = feldspar

grt = garnet

APPENDIX A
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from Kretz (1983)

hbl = hornblende

il = ilmenite

kfs = k-feldspar

ky = kyanite

mag = magnetite

ms = muscovite

opx = orthopyroxene

pl = plagioclase-

PX = pyroxene
PY = pyrite
ru = rutile

sil = sillimenite

staurolite

st

tr tremolite



APPENDIX B

PETROGRAPHIC DESCRIPTIONS

Sample localtiies are shown in Plate 1. CN refers to those
outcrops in Corbin Knob quadrangle, F to those outcrops in
the Franklin quadrangle.

Meta-sedimentary rocks

CN3 Well foliated ms-bi schist. Bi has yellow to dark
green pleochroism, defines foliation with ms. Grts are
generally euhedral with grains anhedral and subhedral
grains. Pl grains are anhedral with both twinned and
untwinned grains present. Qtz grains have undulatory

. extinction. Two types of opaque grains are present, small
anhedral grains and larger needle like grains aligned with
the foliation. Apatite grains are also present.

CN5 Foliated ms-bi-pl gneiss to semi-schist. Euhedral ms
and bi define the foliation. Ms ranges in size from 0.2 to
1.0 mm and contains inclusions of opagues. Bi has a light
vellow to dark green pleochroism. Pl grains are anhedral to
subhedral with both twinned and untwinned grains. Pl grains
which have twinns are commonly deformed, with some
sericitization along twinning planes. Qtz grains are
anhedral with undulatory extinction. Opaque grains are
needle to blocky in appearence aligned with the foliation.

CN10 Foliated ms-bi schist. Euhedral ms and bi defines the
foliation. Bi has a light yellow to dark green pleochroism,
with minor chl alteration. Pl porphyroblasts (1.0 mm) are
present. Other pl grains (0.1-0.4 mm) with albite twinning
are present. Qtz grains have undulatory extinction.
Elongate opague grains are aligned with the foliation.
Apatite and epidote are present as small < 0.1 mm grains.

CN1ll Foliation is not well developed. Bi and ms defines the
foliation. Very little ms is present ( < 2 %) in the
sample. Bi grains are subhedral to euhedral, with light
yvellow to light brown pleochroism. Alteration of bi to
chlorite is common. Grt grains are subhedral with chl
dlteration rims. Inclustions of pl grains in grt common.
Large porphyroblasts ( up to 4.0 mm) of pl are common.
These porphyroblasts are commonly twinned and occasionaly
show zoning in crossed-polars. Some sericitization of pl
along grain boundries is present. Quartz grains have
undulatory extinction. Small (0.1 mm) grains of epidote and
opagues are common.
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CN12 Foliated bi-ms gneiss. Euhedral ms and bi define the
foliation. Bi has a light green to dark green pleochroism.
Pl grains are generally untwinned with albite twinning
rare. Quartz grains are anhedral and have undulatory
extinction. Opaque grains are elongated paralell to the
foliation.

CN13 Foliated bi-ms semi-schist. Euhedral to subhedral
grains of ms and bi define the foliation. Bi has a yellow
to green pleochroism with inclusions of opaques. Grt is
subhedral up to 1 mm in diameter with inclusions of opaque
minerals. Pl grains have albite twinning, with some grains
containing a complex twinning pattern. Pl and gtz
grain-to-grain contacts are uneven to curved. Quartz
grains have undulatory extinction. Epidote is present as
very small grains.

CN1l4 Foliated bi-ms schist. Bi grains are subhedral to
euhedral with brown to dark green pleochroism. Ms occurs as
porphyroblasts defining the foliation and has very fine
fine grained white mica. Pl grains are anhedral with
exsolution textures common. Albite twinning is rare. Opague
grains are blocky in appearence. Apatite was also
observed.

CN16 Crenulated bi-sil gneiss. Bi grains are subhedral to
euhedral with a yellow to dark brown pleochroism. Grts are
subhedral with inclusions of opaques. Bi fills fractures
in the grt. Sil occurs as a fibrolitic grains alligned
parallel to the foliatoin and has anhedral to subhedral
crystals. Pl grains are anhedral with albite twinning and
also untwinned. Quartz grains are anhedral with undulatory
extinction. Opaques occur as anhedral blocky grains with
the long axis aligned with the foliation.

CN22 Foliated bi-ms schist. Bi grains are euhedral with a
light yellow to green pleochroism. Ms grains are euhedral
and with bi define the foliation. Grts are euhedral to
subhedral, pink in color with inclusions of opagues, bi,
and pl. Foliation appears to wrap around the grts. Ky
occurs as euhdral grains aligned with the foliation. Pl is
present as anhedral untwinned grains. Opaques and quartz
are also present.

CN25 Foliated bi-ms semi-schist. Bi is euhedral with light
green to dark green pleochroism. Ms is euhedral with
inclusions of pl. Ms and bi define the foliation. Grt is
anhedral with gtz and pl inclusions. Pl grains are anhedral
with albite twinning. Quartz grains are also anhedral with
undulatory extinction. Epidote is present as fairly large
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grains (0.2-0.4 mm) and these grains are commonly zoned. Il
grains appear as blocky grains with the long axis aligned
with the foliation. Sphene is present as anhedral grains.

CN30 Foliated bi-ms gneiss. Biotite is euhedral with vellow
to dark brown pleochroism. Ms is euhedral with rare
inclusions of opaques defines foliation with bi. Grt is
anhedral with poikilitic and irregular grain boundries. Pl
grains are anhedral with untwinned and albite twinned
grains. Quartz grains are anhedral with undulatory
extinction. Opagque grains are anhedral with the long axes
parallel to the foliation.

CN31l Foliated bi-ms schist. Bi is euhderal with light
vellow to dark green pleochroism and defines foliation with
euhdral ms. Pl grains anhedral with untwinned and albite
twinning common. Grt grains are euhedral to subhedral with
inclusions of opaques. Alteration of grt and bi to chl
common. Quartz grains are anhedral with undulatory
extinction. Sphene, epidote and opaques are also present.

CN54 Foliated bi-grt semi-schist. Bi grains are anhedral to
subhedral with light yellow to dark brown pleochroism,
defines the foliation. Grts are anhedral to subhedral,
commonly rimmed by pl, gtz, mu and rutile. Pl grains are
anhedral with twinned, untwinned and mymerkitic grains
present.. Epidote and opagues are also present.

CN56 Foliated bi-ms schist. Bi grains are euhdral with a
light yellow to dark brown pleochroism, defines foliation
with euhedral ms. Grt is anhedral to subhedral. Ky is
anhedral to subhedral with irregular grain boundries. Pl
grains are twinned and untwinned generally anhedral with
some subhedral grains. Ilimenite and rutile are present.
Apatite was also observed.

CN57 Foliated grt-bi gneiss. Bi grains are subhedral to
euhedral with light yellow to dark brown pleochroism,
defines foliation. Grt contains inclusions of quartz,
grains are subhedral up to 1 mm in size. Pl grains are
twinned and untwinned containing mymerikitic and exsoultion
textures. Quartz is anhedral. Sphene and opaque minerals
are also present.

CN58 Foliated grt-bi gneiss. Bi is subhedral to euhedral
with a yellow to brown pleochroism with some grains having
a yellow to reddish brown pleochroism. Grt grains are
subhedral to euhedral with inclusions of pl and gtz. Pl
grains are twinned with mymerkitic and exsolution texture
common. Quartz grains are anhedral with undulatory
extinction. Opaque grains are also anhedral with the long
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axes to the grain generally aligned parallel to the
foliation.

CN59 Foliated bi-ms semi-schist. Bi is anhedral to euhedral
with yellow to dark brown pleochroism. Sil needles occur
along bi-pl grain boundries generally in masses that are
aligned with the foliation. Ms is present as subhedral
grains that define the foliation with bi. Grt grains are
anhedral and rimmed by fine grained ms and bi. Pl grains
are anhedral with twinned and untwinned grains. Qtz grains
are anhedral with undulatory extinction. Anhedral opaque
grains are also present.

CN63 Foliated ms-bil gneiss. Bi occurs as anhedral to
euhedral grains, light yellow to dark brown pleochroism,
defining foliation with ms and sil. Ms occurs as euhdral
grains. Sil occurs as fibrolite generally along bi-pl grain
boundries. Pl grains are generally untwinned with some
grains having albite twinning or myrmekitic textures. Grt
is anhedral with much retrograde alteration to bi and chl.
Opaque grains are anhedral with the long axes parallel to
the foliation. Rutile is present, associated with the
retrograde alteration of grt to bi and chl.

CN73 Poorly foliated grt-bi gniess. Bi anhedral to euhedral
with yellow to brown pleochroism. Bi roughly defines
foliation. Grt is inclusion rich with bi, pl, gtz and
opaques. Grt may be up to 4mm in size. Ky grains are
anhedral, parallel to the foliation and poikilitic with
inclusions of pl and gtz. Sil occurs as fibrolitic needles
usually aligned with the foliation. Pl grains are anhedral
with albite twins or untwinned. Qtz grains are anhedral
with undulatory extinction. Il occurs as anhedral grains
with the long axes parallel to the foliation. Sphene and
apatite are also present.

CN81 Foliated bi-ms schist. Bi grains are euhedral to
subhedral with light green to dark green pleochroism,
defines foliation with ms. Ms is euhedral with inclusions
of opaques. Grt is anhedral with inclusions of bi, gtz, and
opaques. Pl is present as anhedral grains which may be
twinned or untwinned. Qtz is anhedral with some grains
having undulatory extinction. Opaques are anhedral with the
long axes of the grain aligned parallel to the foliation.
Epidote and sphene are also present. The foliation wraps
around the grt grains.

CN82 Foliated bi semi-schist. Bi grains are subhedral to
euhedral with light yellow to dark brown pleochroism,
defines the foliation. Ky is present as anhedral and
subhedral grains, aligned parallel to the foliation. Ms is
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anhedral to subhedral defining the foliation with bi. Pl
grains are untwinned. Qtz and pl grains both have a ribbon
texture which is parallel to the foliation defined the mica
minerals. Opaques, epidote and sphene are also present.

CN85 Foliated bi-grt gneiss. Bi is anhedral to euhedral,
with light yellow to dark brown pleochroism, defines
foliation. Grt grains are anhedral to subhedral with
inclusions of gtz and pl. Pl is anhedral with both twinned
and untwinned grains. Qtz is anhedral with undulatory
extinction. Sphene is also present.

CN86 Foliated bi-ms semi-schist. Bi is euhedral with light
green to dark green pleochroism. Ms is euhedral and defines
the foliation with bi. Pl grains are both twinned and
untwinned with some sericitizaton common. Qtz is anhedral.
Epidote and opaques are also present.

CN94 Poorly foliated bi-ms gneiss. Bi is subhedral to
euhedral with light yellow to dark brown pleochrecism. Ms is
euhedral and defines the foliation with bi. Pl is anhedral
and occurs as twinned and untwinned grains. Sphene,
opaques, and epidote are also present.

CN100 Foliated bi-ms gneiss. Bi grains are anhedral to
euhedral with yellow to dark brown pleochroism. Ms is
euhedral and defines the foliation with bi. Grt grains are
anhedral with inclusions of gtz and pl. Opaques are
anhedral with the long axes aligned parallel to the
foliation.

F1l Poorly foliated grt-bi gneiss. Bi euhedral to subhedral
with yellow to brown pleochroism, roughly defines the
foliation. Grt grains are euhedral to subhedral with rare
inclusions of pl, and gtz. Pl grains are twinned and
untwinned, ksp grains are perthitic and rarly have
microcline twinning. Ms grains are euhedral to anhedral,
with some grains poikilitic in appearence. Anhedral grains
of chalcopyrite, pyrite, and ilimenite are present. Grain
to grain contacts between f£1ld and gtz very irregular.

F4 Foliated grt-bi gneiss. Bi is anhedral to euhedral with -
vellow to brown pleochroism and contains inclusions of
opaque mirerals. Ms is euhedral and defines the foliation
with bi. Grt is anhedral with inclusions of gtz, f1ld, and
opaques. Pl grains are anhedral with twinned and untwinned
grains. Some alteration of pl to sericite is present. Ksp
is present as perthic grains. Sphene is also present.

F1ll Poorly foliated sil-kfs gneiss. Bi grains are anhedral
to euhedral with a light brown to dark brown pleochroism
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and contain inclusions of quartz and opaques. Grts are
subhedral up to 1 mm in in size, and contain inclusions of
quartz, bi, and opaques. Ms grains are anhedral and occur
associated with gtz-pl-kfs "clusters". Sil grains are
euhedral and are not aligned with the foliation. Pl and kfs
grains are anhedral with pl grains twinned and kfs grains
with perthic. Myrmekitic pl is also present. Ky is present
as anhedral grains with a poikilitic texture. Opaque phases
present are subhedral to euhedral il and anhedral cp. Ru is
present as anhedral grains surroned by a very dark red
anhedral bi which radiate away from the ru grain..

F29 Foliated grt-bi gneiss. Bi is subhedral to euhedral
with light yellow to dark green pleochoism, defines the
foliation. Grt grains are anhedral up to 3.0 mm in size
with inclusions of bi and gtz. Pl is present as twinned,
untwinned and myrmekitic grains. Qtz grains are anhedral
with undulatory extinction. Ms grains are anhedral and are
associated with the myrmekitic pl. Chl fills in fractures
in grt. Il grains are subhedral to euhderal and are aligned
withj the foliation. Ep is present in minor amounts. All
grain to grain contacts are irregular.

F30 Poorly foliated bi-fld gneiss. Bi grains are anhedral
to euhedral with light brown to dark brown, defines the
foliation. Grt grains are subhedral to euhedral occurring
in clusters with bi. Sil is euhedral and is paralell to the
foliation. Kfs occurs as perthic grains, and pl occurs as
untwinned or myrmekitic grains. Ms occurs as small (<0.1
mm) anhedral grains associated with kfs grains. Sphene is
also present.

F31 Foliated grt-bi gniess. Bi is subhedral with light
vellow to reddish brown pleochoism. Grt grains are anhedral
with some grains elliptical with the long axis parallel to
the foliation. Rare inclusions of gtz and sil. Sil is
present as euhdral grains aligned with the foliation and as
fibrolite grains. Pl is present as twinned, untwinned and
myrmekitic grains. Sphene and opaques are also present.

F33 Very poorly foliated bi-ms semi-schist. Bi grains are
anhedral to euhedral with light green to dark green
pleochoism, and roughly defines a foliation. Ms occurs as
small anhedral to subhedral grains that are generally not
aligned with the foliation. Ms commonly occurs in what may
be porphyroblasts. Pl grains are anhderal with twinning
common. Kfs is present as microcline twinned grains and as
perthitic grains. Flds have been altered to fine grained
white micas. Sphene, epidote, and opaques are also present.
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F36 Poorly foliated fld-grt gneiss. Bi grains are anhedral
to subhedral with a light yellow to dark brown pleclorism,
roughly defines the foliation. Grts are subhedral with
inclusions of bi, opaques, f1ld, and gtz. Sill occurs as
euhdral grains and as fibrolite. Pl is present as twinned
and untwinned grains. Kfs is present as anhedral perthitic
grains. I1, cp, and py are also present.

F38 Foliated to poorly foliated grt-bi gneiss. Bi grains
are anhedral to euhedral with yellow to dark brown
pleclorism, defines foliation. Bi commonly contains
inclusions of opaque minerals. Grts are subhedral to
euhedral with inclusions of opaques, bi, pl, gtz, and
fibrolitic sil. Pl grains are present as untwinned,
twinned, and myrmekitic grains. Kfs is present as
microcline twinned grains and less commonly as perthic
grains. Sil grains are euhedral and are aligned with the
foliation. Quartz grains are anhedral and commonly have
undulatory extinction. Il, c¢p, and py are also present. Ru
is present as

anhedral grains surronded by anhedral reddish brown bi. .

F41 Grt-fld gquartzite. Pl is present as anhedral untwinned
grains. Qtz is present as undulatrory anhedral grains. Grts
are anhedral with very irregular grain boundries. In
general the sample appears to be very highly strained.

F67 Foliated ms-bi schist. Bi is present as subhedral to
euhedral grains which define the foliation. Ms is present
as subhedral grains that are aligned with the foliation,
and as small anhedral grains which occur in small
non-foliated clumps with bi and fld. Grt occurs as anhedral
grains within those non-foliated clumps. Opagques and
epidote are also present. Small shear zones also appear to
present.

F68 Well foliated ms-bi-als schist. Bi grains are anhedral
to subhedral with a light yellow to dark brown pleclorism,
defines the foliation. Ms occurs as fine needles, rarly
occurs as large well formed crystals. Grt grains are
subhedral with inclusions of bi, and opagque needles. Center
of grain has a dusty appearence with clear rims, rims
contain clear needle like mineral, fibrolitic sil (?). Ky
is present as subhedral to euhedral grains generlly algned
with the foliation. Sil is present.as euhedral grains
aligned with the foliation. Pl grains are anhedral and
untwinned. Qtz grains are anhedral with undulatory.

F70 Foliated fld-bi gneiss. Bi grains areﬁsubhedral to
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euhedral which define the foliation and have a light brown
to green pleclorism. Ms defines the foliation. Pl grains
are anhedral with rare twinning. Qtz grains are undulatory
and are anhedral.

F71 Foliated bi-ms schist. Bi grains are anhedral to
subhedral which are deformed around large pl and gtz
grains. Ms grains are subhedral to euhedral aligned with
the foliation. Pl and gtz grains occur as large grains in a
matrix of very fine grained pl and gtz.

F72 Foliated grt-bi gneiss. Bi grains are subhedral,
defines the foliation, with light yellow to dark brown
pleclorism. Grt grains are subhedral with inclusions of bi,
gtz, pl, and opaques, alteration to chl is common. Pl
grains are anhedral with twinning. Qtz grains are anhedral
with undulatory extinction. Il is also present.

F73 Foliated grt-bi gneiss. Grt grains are anhedral
poikilblatic with inclusions of bi, pl, gtz, these
inclusions are slightly offset from the main foliation. Bi
grains are subhedral to euhedral with light yvellow to dark
green pleclorism, defines the foliation. Pl grains grains
are anhedral to subhedral with twinning common.

F76 Well foliated bi-sil schist. Bi grains are subhedral to
euhedral with light yellow to dark green pleclorism,
defines the foliation. Grt grains are anhedral to euhedral.
Sil grains are subhedral to euhedral and is present with as
both fibrolite and well formed crystals. Pl grains are
present as twinned and untwinned grains. Qtz and opaques
grains are also present.

F77 Poorly foliated bi-fld gneiss. Bi grains are euhedral
with a yellow to brown pleclorism, defines the foliation.
Grt grains are anhedral to subhedral with inclusions of
£f1d, gtz, with chl filling in fracutures and along rim of
grains. Sil grains are euhedral and are aligned with the
foliation. Pl grains are both twinned and untwinned. Ru and
other opagques are present.
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Amphibolites

CN4 Hbl is anhedral to subhedral with dark green to light
green pleochroism, defines the foliation. Bi grains have a
yellow to dark brown pleochroism aligned with the
foliation. Pl grains are anhedral to subhedral with both
twinned and untwinned grains present. Qtz grains are
anhedral with undulatory extinction. Opagque grains are
present with the long axis aligned paralell to the
foliation.

CN5 Hbl grains define the foliation, with a yellow-green to
dark green pleochroism. Hbl grains contain inclusions of
gtz, bi, and opaques. Bi grains are aligned parallel with
the foliation, are subhedral to euhedral with a light brown
to dark brown pleochroism. Pl grains are anhedral commonly
twinned with rare incluisions .of bi, and ep. Ep and opagque
grains are also present with the long axis parallel to the
foliation. Sample is layered with gtz+fld and hbl+bi+ep.

CN6 Hbl grains are anhedral with very irregular grain
boundries. Hbl defines the foliation and has a light green
to dark green pleochroism. Bi grains are euhderal are
commonly aligned with the foliation, and have a light
yellow to dark brown pleochroism. Pl grains are anhedral
and are present as both twinned and untwinned grains. Ep
grains are anhedral with very irregular grain boundries. Sp
and opagques are also present. Sample is layered with
gtz+fld and hbl+bi+ep.

CN9 Hbl grains have a light green to dark green
pleochroism, subhedral and defines the foliation. Grt
grains are anhedral with inclusions of pl and gtz. Pl
grains are anhedral with both twinned and untwinned grains
present. Ep, and opaques are also present. Some alteration
of hbl to chl and pl to sericite is present. Sp and ru are
present as an intergrowth.

CN1l6 Hbl grains are anhedral with an irregular grain
boundary, define the foliation and have a light green to
dark green pleochroism. Bi grains are euhderal with a light
yellow to brown pleochroism, are generally aligned parallel
to the foliation. Pl grains are anhedral with both twinned
and untwinned grains present. Grt grains are subhedral with
inclusions of pl and gtz. Opaques are present as small
inclusions in hbl and as larger grains with the long axis
parallel to the foliation. Ep is present as a symplectic
intergrowth with hbl, gtz, and pl.

CN19 Hbl grains are anhedral with a light green to dark
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‘green pleochroism, defines the foliation. Bi grains are
euhedral with a brown to yellow pleochroism, aligned with
the foliation. Pl grains are anhedral with both twinned and
untwinned grains. Qtz is present as anhedral grains with
undualtory extinction. Ep is anhedral with inclusions of
opaques, qtz and pl, and is commonly zoned.

CN43 Hbl grains are anhedral to euhedral with a brown to
light brown pleochroism, generally altered to ep+qtz
symplectite. Grt grains are anhedral and inclusion free. Pl
is subhedral, twinned and untwinned, some x-hathched
twinning present. Sp occurs as rims around opaque grains,
which are anhedral. Due the extensive alteration of hbl to
ep+gtz diffcult to tell orginal texture but appears to
non-foliated.

CN44 Hbl grains are subhedral to anhedral with a light
brown to dark brown pleochroism, roughly defines a
foliation. Grt grains anhedral poikiloblastic with
inclusions of pl and gtz. Cu is present as anhedral grains
with the long axis parallel to the foliation. Pl grains are
anhedral rarely twinned. Ep is present around hbl grain ‘
boundaries..

CN45 Hbl grains are subhedral to euhedral with brown to
green pleochroism in the cores while the rims have a light
green to dark green pleochroism. Hbl grains have opagque
inclusions and defines the foliation. Grt grains are
subhedral to euhedral with inclusions of gtz and pl. Pl
grains are anhedral untwinned, and highly altered to
sericite. Qtz grains are anhedral with undulatory
extinction. Symplectic intergrowth of ep and gtz is common.

CN48 Hbl grains are anhedral to euhedral with a light green
to dark green pleochroism, symplectitic intergrowth of
ep+gtz common. Alteration of chl, calcite and hematite also
observed. Grt grains are anhedral with inclusions of
opaques and pl. Pl grains are anhedral rarly twinned.

CN55 Hbl grains are anhedral to subhedral with a light
brown to dark brown pleochroism, locally retrograded to ep.
Grt grains are anhedral poiklioblastic with inclusions of
hbl, pl, and gtz. Pl grains are anhedral albite and
X-hatched twinning common. Sp occurs as rims around opague
grains. Ep occurs as a symplectic intergrowth of gtz and
hbl. Opaque grains are anhedral, generally rimmed by sp.

CN62 Hbl grains are anhedral to euhedral, -define the
foliation, and has a light brown to dark brown pleochorism.
Grt grains are anhedral with inclusions of pl, hbl, and
opaques. Ep occurs as a symplectic intergrowth at pl-hbl
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boundaries. Pl grains are anhedral with both twinned and
x-hathched twinning common. Opaque grains are anhedral
with ru present near symplectic intergrowths.

CN68 Hbl is anhedral to subhedral with a light green to
light brown pleochroism defines the foliation. Grt grains
are anhedral with inclusions of opaques, sp, gqtz, and fld.
Cores are more inclusion rich then the rims. Pl is anhedral
with rare albite twinning, with some myrmekitic and
exsolution textures present. Sp is present as discrete
grains and as rims around opaque grains. Qtz is present as
anhedral grains with undulatory extinction.

CN69 Hbl grains are anhedral to euhedral with a light brown
to dark brown pleochoric core and light green to brown
pleochoric rim. Grains commonly have inclusions of gtz and
pl, and rarly grt. Grt grains are anhedral and inclusion
free. Pl grains are untwinned anhedral, rare albite
twinning is present. Ep is present as as a symplectic
intergrowth at pl-hbl grain boundries. Sp is present as a
rim around opaque grains.

CN72 Hbl grains are subhedral to euhedral with light green
to dark green pleochroism. Bi grains are euhedral with a
brown to clear pleochroism. Pl is present as anhedral
grains, both twinned and untwinned. Qtz grains are anhedral
with undulatory extinction. Opaque grains are anhedral. |
This rock has a granular texture with no observed preferred
orientation.

CN80 Hbl is anhedral to subhedral defines the foliation,
and has a dark green to light green pleochroism. Bi grains
are euhedral, parallel to the foliation, and have a yellow
to brown pleochroism. Ep is present as anhedral grains,
rarly zoned. Pl grains twinned and untwinned with some
alteration to sericite along grain boundries common. Some
alteration of bi to chl is also present.

CN82 Hbl grains are anhedral to subhedral with a yellow
green to dark green pleochroism, defines the foliation. Grt
grains are anhedral poikiliblastic with inclusions of hbl,
and pl. Pl grains are anhedral to subhedral, both twinned
and untwinned. Qtz grains are anhedral. Sp is anhedral and
occurs as rims around opaque grains. Opague grains are
anhedral with the long axis parallel to the foliation.

CN88 Hbl grains are subhedral to euhedral with light green
to dark green pleochroism. Grains have an hour-glass
pattern of opaque inclusions. Pl grains are anhedral to
euhedral with rare albite twinning present. Cu is present
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as subhedral grains aligned with the foliation. Pl and gtz
are concentrated in discreete layers.

F3 Hbl is anhedral to subhedral with light green to dark
green pleochroism, defines foliation, inclusion rich with
gtz. Grt grains are inclusion rich with gtz, pl, sph and
opaques, and are anhedral. Pl grains are anhedral, albite
twinning rare with some grains myrmerkitic. Qtz grains are
anhedral with undulatory extinction. Sp grains are anhedral
and commonly found rimming opagque grains. Opagues are
anhedral with the long axis aligned with the foliation.

F6 Hbl grains are anhedral with light green to dark green
pleochroism. Grt grains are anhedral with inclusions of
gtz. Bi grains are anhedral with a light brown to dark
brown pleochroism. Pl grains are anhedral with grains
having albite twinning, X-hatched twinning, and untwinned
grains. Sp, ep, and opagues grains are also present.

F19 This outcrop is north of the field area and is not
shown on plate 1. Hbl is anhedral to subhedral, defines the
foliation and has a light green to dark brown pleochroism.
Grt grains are anhedral inclusion rich with gtz, pl, and
opaques. Sp is present as anhedral grains rimming opaques.
Pl grains are anhedral with twinned and untwinned grains
being present. Myrmekitic pl is also present. Opaque
grains are anhedral with the long axis parallel to the
foliation.

F28 Hbl grains are anhedral to subhedral with a light
yellow to dark green pleochroism, defines the foliation. Bi
grains are subhedral to euhedrl with a light brown to dark
brown pleochroism, aligned with the foliation. Grt grains
are anhedral with inclusions of bi, hbl, pl, and opaques.
Ep grains are anhedral to euhedral with the larger grains (
up to 1 mm) being euhedral. Where hbl and ep are in contact
commonly symplectic intergrowth. Opaque grains are anhedral
with the long axis aligned parallel to the foliation.

F29 Hbl is subhedral with light brown to dark brown
pleochroism, defines the foliation with inclusions of dusty
opaques (graphite ?). Grt grains are anhedral to euhedral
with inclusions of pl and hbl. Pl grains are anhedral with
rare albite twinning. Opagues, ep, and ap are also present.

F32 Hbl is subhedral to euhedral light green to dark green
pleochroism, defines the foliation. Bi grains are euhedral,
with a light brown to dark brown pleochroism, and aligned
parallel to the foliation. Pl grains are anhedral with
albite twinning rare. Sp, ru, and opagques are also present.
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F38 Hbl grains are anhedral to subhedral with inclusions of
opaque grains. The cores of hbl grains have a light green
to dark brown pleochroism, while the rims have a light
green to dark green pleochroism. Grt grains are anhedral
with inclusions of hbl. Bi grains are anhedral to euhedral
with a light yellow to dark brown pleochroism. Pl grains
are anhedral, with both twinned and untwinned grains being
present. Qtz grains are anhedral with undulatory
extinction. Opaque grains are anhedral, with some dusty
appearence, graphite (?).

F39 Hbl grains are anhedral with a yellow to brown
pleochroism. Grt grains are anhedral with inclusions of hbl
and pl. Pl grains are anhedral with albite twinning rare.
Cpx is present as a clear, anhedral grains, around hbl
grain boundries. Opaque grains are anhedral.

F40 Hbl grains are anhedral to subhedral, with a light
brown to dark brown pleochroism, long axis roughly defines
a foliation. Grt grains are anhedral to subhedral with
inclusions of pl, and cpx. Cpx grains are anhedral with the
long axis parallel to the foliation, occurs as inclusions
in grt and out in the matrix of the rock. Cu is present as
subhedral to euhedral grains with the long axis parallel to
the foliation. Pl grains are anhedral with albite twinning
very common. Qtz and opaques are also present.

F4l1l Hbl grains are anhedral to subhedral with a green to
dark green/brown pleochroism, roughly defines a foliation.
Grts are anhedral to subhedral, red in color, and have
inclusions of opaques, pl, cpx, and rarly opx. CpxXx grains
are light green, anhedral and occur as inclusions in grt
and in the matrix. Opx grains are anhedral and have pink to
green pleochroism. Pl grains are anhedral with twinning
very common. Qtz grains are anhedral with grains having
undulatory extinction. Ep and opagques are also present.

F49 Hbl grains are subhedral to euhedral with a light brown
to dark brown pleochroism, defines the foliation. Pl grains
are anhedral with both twinied and untwinned grains being
present. Ep, gtz and opaques are also present in the thin
section.

F50 Hbl grains are anhedral to subhedral with inclsions of
opaques. Hbl grains have a light brown to dark brown
pleochroism, and roughly define a foliation. Grt grains are
subhedral, red, and have inclusions of pl, hbl, and cpxXx.
Cpx grains are anhedral light green, and occur in the
matrix of the rock and as inclusions in grts. Pl grains are
anhedral with both twinned and untwinned grains being
present. Qtz and opaques are also present.
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F51 Hbl grains are anhedral with a light green to green
pleochroism, rouhgly defines a foliation. Grt grains are
anhedral with inclusions of cpx. Cpx grains are anhedral to
subhedral and light green. Pl grains are anhedral to
subhedral with both albite twinned and untwinned grains
present. Qtz, opaques, and ep also present.

F52 Hbl grains are subhedral to euhedral with a light green
to dark brown pleochroism, defines the foliation. Grt
grains are subhedral to euhedral with inclusions of opaques
and hbl. Pl grains are present as anhedral grains with
albite and x-hatched twinning common. Symplectite
intergrowth of ep and gtz is present at pl-hbl boundries.
Sp is present as a rim around opaques. Opaques and gtz are
also present.

F62 Hbl grains are anhedral to subhedral with a light brown
to dark brown pleochroism, defines the foliation. Grt
grains are subhedrl with inculsions of pl and hbl. Pl
grains are anhedrl with rare albite twinning. Qtz and ep
also present.

F75 Hbl grains are subhedrl to euhedral with a light green
to dark green pleochroism, defines the foliation. Opx is
present as anhedral grains with a pink to green
pleochroism. Cpx is anhedral with a light green color. Pl
grains are anhedral with albite twinning very common. Qtz
and opaques are also present.
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Hbl

S:Representative hbi,

bi, grt, cpx and opx analyses

Ei
sample # Cn4 F41 CN&8 Cn4
Sioz 42.73 41 45,33 J6.93
Tioz 0.69 1.99 1.22 2.41
Al203 14,59 12.69 10,49 17.27
FeO 14.31 17.16 13,08 14.6
MO Q.16 0.15 Q.04 Q
Mgo 10.3 10.47 1z 12.71
Cag 12.16 11.46 12.89 0,24
MNal20 2.03 2,07 .82 0.76
#20 1.17 1.26 Q.76 ?.37S
Total 78.18 F3.2E ?7.73 ?5.27
Formiula moles
Si £.318 6.177 b.6E4 5.S¢
Al 2.541 2.281 . 242 T.0T2
Ti 0.073 0,221 (AT Jused 0.267
Fe 1.7&S 2.162 1.5%2 .22
Mn 0,017 ¢.018 0.N04 (o]
Mg 2.24 2.24 2.224 T.046
Ca 1,921 1.349 1.771 0,004
Na . 583 O.601 0,228 0,105
A 0D.217 0.23%9 0.176 .29
Total 15.703 12.87 15.447 15.67S
grt Fa1 Cn&s: opx F41
5102 38.76 I8.%4 sipz2 S0.11
Al120= 20.98 22.738 A1207 1.72
FeO 27.18 25.91 Fel 29.2°9
Mn0 .29 0.84 MnQ 0.84
mM30 .47 6.6 Cal 0,64
Ca 7.08 6.4 M30 17.61
EE et e S St P Tt S Nagd 0.04&
Total 100,36 101,07 ======z=s====s====
=== =z=== Total 100,28
Formula Mcles == = =
==== == Formula Mcles
Si 2.998 2.97¢ ===== ===
Al 1.971 2.018 gi 1.972
Fe 1.773 1.4656 Al 0,085
Mn 0.083 0.054 Fe 0.9276
Mg 0,638 ¢.732 MR 0.027
Ca 0,592 0.522 Mg 1.007
=== ss=smsm=s====s======== = Ca 0.025
Total 8.018 7.791 Na 0.004

Total 4,01&

Cpx Fi1
sioz S0. 43
Ti02 0,22
A1203 .48
Fel 11.25
MnO [
M50 11.27
Ca 22.2

Ti (AN AT
Fe 0,254
Mn Q. 009
Mg 0.674
Ca 0.901
a 0077
Total 4.0%7



APPENDIX D
FLUID INCLUSION PROCEDURES AND RESULTS

Samples for fluid inclusion study were selected from
those outcrops that were chosen for electron microprobe
study. Investigation of thin sections from those outcrops
showed that the more schtistose rocks contained more fluid
inclusions then the gneissic rocks.

Rock chips were polished usin 1 micron paste. The
polished side was then cemented to a thin section blank
using super glue. The chip was then cut to a size of 40 to
60 microns using a slow speed saw. The sample was then
polished using 1 micron paste. The sample was studied under
transmitted light and approiate inclusions were examined
and there locations mapped for study in the
heating/freezing stage. The thin section was then immersed
in acetone to remove the super glue. At this point it was
common for the polished rock chip to fall apart due the
lack of cohesiveness of the schist samples. Once the sample
fell apart it was extremly difficult to locate the
inclusions found in tﬁe petrographic study due to the small
grain size of the sample.

Two samples were studied in the heating/freezing
stage, one from the ky-ms zone (CN-3) and one from the

sil-ksp zone (F-38). Only those inclusions that were
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determined to be primary fluid inclusions were examined.

Freezing runs were conducted by freezing the stage to a
temperature of -150 deg C. The stage was then warmed at a
..rate of 5 to 10 deg C per minute to get an approximation of
temperatures at which phase changes occurred. Phase changes
were then studied by gradual warming and cooling (at rates
of 1-2 deg C per minute) across the temperature range until
repeatabilty to +/- 0.2 deg C was obtained. If repeatabilty
was not obtained it was concluded that the fluid inclusion
had been damaged and was the inclusion data that was
obtained was not used.

The results are shown on the following page. The
inclusions examined are interpeted to dominately CO,, based
on the location of the melting temperature. The slight
depression of the freezing point seen‘in some of the
samples indicates that a small amount of a dilutent fluid
phase is present. This phase is presumend to be methane.
The small data set makes it impossible to relate this
inclusions to the metamorphic event with any certainity. It
is interesting that CO, was the only phase observed in both
the granulite and the amphibolite terranes. More study is
needed to see if this is a real relationship or is simply

the result of the small data set.
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Fluid inclusion results.
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