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ABSTRACT

The Kwoiek Area of British Columbia contains a pendant or screen
of metamorphosed sedimentary and volcanic rocks almost entirely
surrounded by a portion of the Coast Range Batholith, and intruded by
several dozen stocks. The major metamorphic effects were produced by
the quartz diorite batholithic rocks, with minor and later effects by
the quartz diorite stocks. The sequence of important metamorphic
reactions in the metasedimentary and metavolcanic rocks, ranging in

grade from chlorite to sillimanite, is:

1. chlorite + carbonate + muscovite —e epidote + biotite

2. chlorite + carbonate —e actinolite =+ epidbte

3. chlorite + muscovite —=» garnet + biotite

4. chlorite + epidote —e garnet + hornblende

5. chlorite + muscovite —e garnet + staurolite + biotite

6. chlorite + muscovite — aluminum silicate + biotite

T. muscovite + staurolite e——egarnet + aluminum silicate + biotite

8. staurolite———sgarnet + aluminum silicate
Continuous reactions, occurring between reactions 5 and T, are:

A. chlorite + (high Ti) biotite + Al;0; (from plagioclase?)—e

garnet + staurolite -+ (low Ti) biotite + Oy

B. muscovite (phengitic)——egarnet + staurolite + muscovite (less

phengitic) + 05 (7)

Detailed electron microprobe work on garnet, staurolite, biotite,



and chlorite shows that:

(1) The garnet porphyroblasts are zoned according to a depletion
model, called the Rayleigh depletion model, which assumes equilibrium_
between the edge of a growing garnet and the minerals which are
unzoned, notably biotite, chlorite, and muscovite, but which assumes
disequilibrium within the garnet.

(2) The staurolite porphyroblasts are also zoned, and from their
zoning patterns reactions A, B, and 5 are documented. Progressive
reduction of iron with increasing grade of metamorphism is also
inferred from the staurolite zonlng patterns.

(3) During a late period of falling temperature garnet continued
to grow and the biotite and chlorite reequilibrated. The biotite,
chlorite, énd garnet edge compositions can vary from point to point in
a given thin section, indicating that the volume of equilibrium at the
final stage of metamorphism was only a few cubic microns.

(h) The horizon within the garnet that grew at maximum temperature
can be identified. The Mg/Fe ratio of this horizon, if the garnet
composition is a limiting composition in the AlzOz - K30 - FeO - MgO
tetrahedron, increases systematically with increasing metamorphic
grade. Biotite and chlorite compositions also show a general increase
in Mg/Fe ratio with increasing metamorphic grade, but staurolite
appears to show the reverse effect.

(5) The Mg/Fe ratio at the maximum temperature horizon of the
garnet porphyroblasts is a function of its Mn content as evidenced

. from the study of five garnet-bearing rocks, collected from one outcrop
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area, with the same assemblage but with differing proportions of
minerals.

An important implication of zoned minerals is that the effec-
tive composition of a system in a phase lies on the join between
the homogeneous minerals (if there are two) and not within three«
or four-phase fields when a zoned mineral, such as garnet or stauro-
lite, is present in the assemblage.

Studj of the three aluminum silicates found in the Kwoiek Area
showed that a constant pressure change in polymorphs from andalusite
to kyanite to sillimanite took place with increasing temperature.
This transition series is best explained by the metastable formation

of andalusite.

Photographic materials on pages 15, 121, 160, 162, and 164 are
essential and will not reproduce clearly on Xerox copies. Photographic

copies should be ordered.
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INTRODUCTION

The purpose of this thesis is to establish a framework of know-
ledge of the processes by which a rock recrystallizes during
metamorphism. In order to achieve this aim, a metamorphic area, the
Kwolek Area of southern British Columbia, was chosen which, on the
basis of earlier reconalssance work (Duffell and McTaggart, 1952),
appeared to have had a simple history of metamorphism compared to
many that have been studied in some detail. An area of contact
metamorphism was chosen so that the effects of a wide range\of
temperatures of metamorphism could be studied in a relatively small
area.

The rocks which were studied form a roof pendant or screen on
the east flank of the Coast Range Batholith. The pendant 1s almost
completely surrounded by hornblende-biotite or biotite quartz diorite,
and several stocks intrude the interior of the pendant.

The batholith surrounding the pendant appears to have produced
the main metamorphic effects; whereas the stocks, which intruded at,
or shortly after, the peak of metamorphism, produced only slight
effects on the rocks in theilr immediate vicinity. The metamorphic
grade ranges from lower greenschist facies through upper almandine-
amphibolite facies (Turner and Verhoogen, 1960), and rocks of both
basaltic and pelitic compositions were affected by all grades of
metamorphism. Carbonate rocks are absent from most of the Kwoiek Area.

Although seven months were spent in the field,the detailed sample

collecting necessary for a petrochemical study precluded detailed
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geologic mapping. The weilght of samples collected determined the
length of time spent in any part of the area, because the samples
had to be backpacked out to the road for distances ranging between
one and three days' hike. The geology of the Kwoiek Area, presented
in the next chapter, is based both on the author's work and on the
work of Duffell and McTaggart (1952).

The major contribution of this work was based on the petro-
logic study of about 300 thin sections and the analytic study, with
an ARL microprobe, of the mineral phases in about 40 of the thin
sections. About 100 thin sections, selected from about 600 hand
specimens, were studied, which were representative of all grades of
metamorphism and of the different rock types. Specific areas which
appeared to be most favorably suilted for the study of the processes
by which a rock recrystallizes during metamorphism were then investi-
gated in greater detall by cutting the additional thin sections. The
4O thin sections on which the analytic work was done were selected
for their relevance in solving specific questions that arose during
the petrologic phase of the investigation.

The outline of the analytic work was as follows:
(l) A gingle metasedimentary rock whose assemblage contained the maximum
number of coexisting minerals found in the Kwolek Area, and which was
common to the Kwolek Area, was selected for a detalled analysis of the
compositional variations of each mineral in the rock.
(2) Four other rocks with the same assemblage and from the same outcrop

as the rock studied above were similarly studied to confirm ideas
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developed in the examination of the single rock.
(3) The analytic work was extended to higher and lower grade samples

in order to test ideas developed and to answer questions which arose

under (l) and (2), above.
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GEOLOGIC DESCRIPTION

Introduction

The Kwolek Area is defined by the outline of a roof pendant or
screen locatéd on the eastern flank of the Coast Range Batholith,
British Columbila, Cenada. Extending northwesterly from North Bend,

B. C., the pendant is approximately 25 miles long and about six

miles in width (Fig. l). Except for the southeastern end, where it

is cut by faults along the east side of the Frazier River (Duffell

and McTaggart, 1952), the pendant 1s entirely surrounded by hornblende-
biotite or blotite quartz diorite. At least twelve stocks of similar
composition intrude the interior of the pendant. These stocks range

in diameter from less than a quarter mile to about a mile and a half.

The Kwoiek Area is one of rugged relief, cut by several deep
through-going valleys, which were modified by valley glaciers in
Pleistocene time. The total relief is about 9000 feet, but locally
it seldom exceeds 5000 feet. Vertical geologic control should be
good, but the exposure below timberline (5000—6000 feet) 1s exceed-
ingly poor and the full benefit of the 9000 feet of relief cannot be
reglized. Exposure gbove timberline is excellent. Only snowfields
and talus slopes keep the exposure above timberline from being almost
continuous.

The lack of bedrock outcrops below timberline makes the structural
and stratigraphic aspects of this study exceedingly tenuous. The stra-

tigraphic and structural interpretations given below are, therefore,
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to be regarded as preliminary only and not the major contributioﬁ of
this work.

Several major geologic features in the Kwolek Area have a general
northwestly trend as shown on Fig. 1. These include the shape of the
pendant itself, the general strike of the bedding and foliation
(Fig- 2) and the general trend of the major stratigraphic units
(Fig. 2). The major serpentinite belt also has a northwest trend,
extending from Skihist Mountain Stock southeastward and continuing
southeastward from North Bend another forty miles into the Hopé Map
Sheet (Cairns, 19h2). The alignments of many of the stocks within

the pendant also are in a northwesterly direction.

Stratigraphy

Age of rocks

No fossils have been found in the Kwolek Area; and, as the
general stratigraphic-structural knowledge of southwestern British
Columbia is incomplete, age assignments are conjectural. Some litho-
logic units are similar in appearance to named units to the southeast
and northeast and these similarities are discussed in the appropriate
places below; however, the ages of the similar named units are also
uncertain. The rocks southeast of the Kwolek Area and on the same
structural trend as the roof pendant have been assigned ages ranging .
from Permo-Carboniferous to (?) Iower Cretaceous. The sedimentary
and volcanic units are definitely older than the quartz diorite

intrusives of the Coast Range Batholith, which have yielded K-Ar ages
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Fig. 2. Geologic map showing distribution of major mapped units.

A-A' is line of structure section of Fig. 3. See Fig. 1

for key to batholith and stock names.
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of about 100 million years at several localities (K. C. McTaggart,
oral communication, 196L4).

At two localities, graded beds indicate younger rocks are to the
southwest. One of the localities is approximately two miles north of
North Bend on the Frazer River and is in the unit mapﬁed as the Iadner
Group (Upper Jurassic or (?) Lower Cretaceous) on the Hope Map Sheet
(Cairnes, 1942).

The other locality is 1% miles southeast of Kwoilek Needle and a
quarter mile south of the southern contact of Kwoiek Needle Stock. In
the field the rock in this area has a striking lithologic similarity
to the Iadner Group (Cairnes, l9h2) and the Brew Group (Duffell and
McTaggert, 1952), except that the similar units of the Iadner Group
contain 10-20 percent CaCOs whereas the graded beds south of Kwolek
Needle Stock do not contain a major calcium-bearing phase.

At a third locality, half a mile west of Kwoiek Needle, pillow
structures indicate that younger rocks are to the east. The plllows
are in the amphibolite unit that crosses Kwoiek Needle and, although
relatively undeformed, have been metamorphosed to the almandine-
amphibolite facies.

The abundant serpentinite in the Kwoiek Area can also be given
a relative age assignment. The serpentinite apparently intrudes the
metasédimentary rocks, but it has been cut and metamorphosed by the

quartz diorite intrusives.
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Stratigraphic succession.

Table 1 shows the inferred stratigraphic succession in the Kwoilek
Area. This succession is based on the above evidence for the relative
ages of several of the units, the distribution of the two amphibolite
units which are the best marker units in the area, and the general
spatial relations of the other rock types. The non-amphibolite units
are difficult to distinguish in the field because they are ali essen-
tially greywacke. However, three criteria were found useful for sub-
dividing the greywacke: graphite content, the presence of more than
five percent of a major calcium bearing phase (plagioclase excluded)
and, to a lesser extent, grain size of the matrix in the lower grade
rocks. The greywacke units (Fig- 2) are composed primarily of the
thinly-bedded greywacke described below. In Table 1 it has been
divided into two units, the lower greater than 2000 feet thick and the
upper about 3500 feet thick. The two units are separated by an amphi-
bolite unit which contains pillow structures, indicative of an igneous
origin. The upper greywacke unit is overlain by a second amphibolite,
which also contains pillow structures. This upper amphibolite unit
appears to pinch out toward the north, east of Kwoiek Needle Stock.
Approximately in the same stratigraphic position as the upper amphibo-
lite, but probably below, is a conglomeratic greywacke unit, which was
not mappable southeast from Kwoiek Needle Stock but which thickens |
progressively northwest beyond the limits of Fig. 2. The greywacke
units also contain continuous beds of feather amphibolite, 6 inches

to 2 feet thick, which occur in the high country west of Kwoiek Needle



Table 1

Generalized Succession of Units in the Kwolek Area

Unit Range of thickness (feet)

Calcic greywacke (upper)

(top not exposed) > 2500
Graphitic argillite 1000 - 7000
Calcic greywacke (lower) 1500 - 2500
Amphibolite (upper) 0 - 1500

Greywacke (upper)
(conglomeratic greywacke unit,

0 - 1000 feet, near top) , 3500 - L00O
Amphibolite (lower) 1000 - 2000
Greywacke (lower) > 2000

(bottom not exposed)
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Stock and west of Murphy Iske. These beds are thought to be metamor-
phosed pyroclastic deposits because they are of thin, uniform thickness
over distances of at least half a mile and contain no primary evidence,
such as pillow structure, of being a volcanic flow. Their mineralogy,
however, 1s similar to that of the metavolcanic rocks. Below timberline,
where outcrops are scarce and discontinuous, specimens of metamorphosed
pyroclastic deposits cannot be distinguished from the metamorphosed
volcanic flows.

The other rock types described below, such as the calcic greywacke
and the graphitic argillite, occur rarely in the greywacke units and
increase in abundance towards the top of the upper greywacke unit.

Two calcic greywacke units, separated by a graphitic argillite
unit, are also distinguished on Fig. 2. The calcic greywacke units
contain, in order of decreasing abundance, calcic greywacke, greywacke,
calcic graphitic argillite, and graphitic argillite rock types. The
graphitic argillite unit contains, in order of decreasing abundance,
graphitic argillite, calcic graphitic argillite, calcic greywacke, and
greywacke. The total thickness of the three units averages about 8000
feet.

Rock Descriptions

Metasedimentary rocks, low grade

The major rock type is a greywacke. As discussed above, the map
units were arbitrarily defined according to the abundance of several

variations of the greywacke. Thus, a description of the greywacke will
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serve as a basls for describing the other rock types. In the Kwoiek
Area most of the rock types occur in an almost unmetamorphosed state,
although there are some metamorphic effects in even the lowest grade
rocks. These effects are typically the development of chlorite
porphyroblasts and some recrystallization of the quartz and feldspar.

The greywacke is typically thinly bedded, and this primary sedi-
mentary feature can be ildentified in even the highest grades of
metaﬁorphism. It is only obliterated with the development of migmatite.
The rock consists of dark-grey, fine-grained beds, typically less than
b mm. thick, and rarely as much as 5 cm. thick, alternating with light-
grey, coarser-gralined beds of the same thickness range (plate l)- The
light beds consist of 25-50 percent quartz and plagioclase clasts,
ranging in diameter from .05 to .2 mm., in a matrix of finer-gralined
quartz and plagioclase as well as white mica and chlorite, typically
.01 to .05 mm. in the long dimension. The white mica and the finer-
grained chlorite invariably show preferred orientation parallel to the
bedding. Where coarse, 0.2 to 1 mm. long chlorite porphyroblasts
develop, they show no preferred orientation. Graphite constitutes less
than 5 percent of the rock.

The calcic greywacke rock type 1ls similar to the greywacke except
that it contains 5 to 25 percent calcite in blebs of about the same
size as the coarsest quartzo-feldspathic fraction. In somewhat higher
grades of metamorphism clinozoisite (or epidote) and. actinolite are
developed. The clinozoisite or epidote has no preferred orientstion

and ranges in size up to .5 mm. The actinolite, in needles up to 1 mm.
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Plate 1. Thinly-bedded greywacke rock type found on ridge between

Kwoiek Needle and Pyramid Mountain (Fig. 2).
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long, occurs in sheafs parallel to schistosity but randomly oriented
within the planes of schistosity.

The graphitic argillite is finer grained than the greyﬁacke and
appears to have the minersl content of the greywacke's matrix except
that abundant graphite is present. Graphite-rich layers with T5 per-
cent or more graphite are common. These layers, 2-4 mm. thick,
alternate with quartzo-feldspathic layers of similar thickness and
with an average grain size of about .2 mm. It is not clear if this
is the original, clastic grain size or is a product of recrystalliza-
tion. A rock was classified as "graphitic" if graphite could be
identified in handspecimen.

The calcic-graphitic rock type is a variant of the graphitic
argillite and the calcic greywacke. More than 5 percent of a major
calcium-bearing phase is present as is more than 10 percent graphite.
The grain sizes also range between the two types, the coarser-grained
rocks being called calcic-graphitic greywacke, and the finer-grained
rocks being called calcic-graphitic arglllite.

The conglomeratic greywacke contains a matrix which could be
classified as any of the above rock types but contains pebbles and
cobbles, which in some places are two feet in diameter. In many cases
the pebbles and cobbles are angular in shape and include volcanic,
calcic greywacke, or greywacke rock types. Quartzite clasts are

conmon .
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Metasedimentary rocks, high grade

In the higher grades of metamorphism the sedimentary textures
and general grain size of the greywacke are preserved (except in the
gneissic and migmatitic rock described below) but aluminum-silicate
porphyroblasts up to 2 cm. long, staurolite porphyroblasts up to
6 mm. long, and garnet porphyroblasts up to 1 mm. in diameter are
easlily recognized with the unaided eye. These porphyroblasts are
scattered throughout the rock but tend to be more concentrated in
the darker, less quartzo-feldspathic beds. On weathered surfaces
the staurolite grains, being more resistant than the rest of the
rock, project out distinctly, and it is easy to observe the twin
habits of the staurolite. On one specimen 60° twins, 90° twins,
untwinned grains, and "triplets," or doubly 60° twinned staurolite
grains, were observed. The chlorite in the higher metamorphic
grades maintains its non-preferred orientation, the biotite (.2 to
o5 mm-) also is typically not oriented, the staurolite is not
oriented, and the aluminum silicates are generally randomly oriented
within planes of schistosity or bedding. Modes of several high-grade
greywackes are given in Tables 9 and 10.

In the higher grades of metamorphism the calcic greywacke develops
amphibole porphyroblasts up to 1 cm. long which, on a weathered surface,
are seen to lie in the foliation planes but randomly oriented. The
amphibole grains are generally in sheaf-like aggregates. Garnet por-
phyroblasts up to 2 mm. in diameter are also present in rocks of

sultable grade. Calcic pyroxene occurs at two localities next to stocks.
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The graphitic argillite in the higher grades of metamorphism
preserves its lower-grade textural features except that porphyro-
blasts of andalusite up to an inch or more in length can be present.
These porphyroblasts lie parallel to the bedding planes. The other
metamorphic minerals that grow in this rock type, such as biotite,
staurolite, and garnet, are generally too fine-grained to readily
identify with the unailded eye.

Typical localitles of the various rock types are as follows:
The greywacke occurs in well-exposed outcrops west and east (Plate l)
of Kwoiek Needle. The calcic greywacke, which is similar in outcrop
appearance to the greywacke, crops out along the Fraser River, two
miles north of North Bend. Pitted, weathered surfaces on the calcic.
greywacke in the low grades are common and rocks of this type are
exposed near the road two miles south of the main bridge crossing the
Nahatlatch River. The graphitic argillite is well exposed near the
mouth of the Nahatlatch River as well as on the ridge south of Pyramid

Mountain.

Metavoleanic rocks.

The metavolcanic rocks, or amphibolites as they are mapped on
Fig. 2, are typically dark green, fine-grained, hard, massive rocks.
All occurrences of this rock type mapped are found above the garnet
grade of metamorphism and contaln essentially the same minerals where-
ever found. The minerals are, in approximate order of decreasing

abundance, amphibole, plagioclase, bilotite, epldote, quartz, and garnet.
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Opaques, ilmenite where positively identified, and sphene can also
be present. The garnet porphyroblasts, as much as 3 mm. in diameter,
are generally larger than those in the assoclated metasedimentary
rocks. The amphibole crystals rarely show orientation but are typi-
cally less than 1 mm. long.

In many places of good exposure, such as around Kwoiek Needle,
pillow structure can be seen. The rims of the pillows contain more
amphibole and less epildote than the centers. The proportion of
minerals in the matrix is about the same as in the rims of the pillows.
Below timberline, where exposure 1s poor, pillows could not be identi-

fied.

Serpentinite.

Serpentinite bodies are common in the Kwolek Area and occur in
all of the mapped units. Most of the bodies are less than a few
hundred feet wide and consequently are too small to be mapped.

The largest serpentinite mass crops out almost continuously
from Skihist Mountain Stock southeastward to North Bend. Duffell
and McTaggart (1952) show its extension beyond Skihist Mountain
Stock to the northwest. The serpentinite mass is composed primarily
of the serpentine minersls with rare chromite and magnetite pods. At
its boundaries, where visible, reaction with the country rock is
apparent.

Intense shearing within the serpentinite is common at the serpen-
tinite-country rock contacts. In the wider parts of the large

serpentinite mass the serpentinite has the classic pod and swirl
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texture. Relic olilvine or pyroxene was not ldentified; however,
olivine, possibly formed from serpentine by contact metamorphism,
occurs in the major serpentinite body at the contact with Skihist
Mountain Stock. Nephrite boulders have been found in the major
drainages of the Kwolek Area as well as along the Fraser River.
These boulders undoubtedly were weathered from the serpentinite of
the Kwoiek Area and other serpentinite bodles in the eastern edge
of the Coast Range Batholith, but none have been reported as found
in place.

In addition to the major northwest-trending serpentinite body
shown in Figs. 1 and 2, other large serpentinite bodies were noted
west of Antimony Mountain, east of Antimony Mountain, and west and
north of Murphy Iake. Commonly assoclated with the serpentinite is
g coarse-grained hornblende diorite, containing, where unmetamorphosed,
only the two minerals hornblende and plagioclase.

The best exposure of the serpentinite, showing all the contact
effects and internal structure as well as the dilorite associated with
the serpentinite, is where the main serpentinite crosses Pyramid

Mountain.

Intrusive rocks.

All the intrusive rocks are medium-grained (1—5 mm.), massive,
and contain about 10 percent dark minerals. The texture is gllotri-
omorphic granular. There i1s no chilling at the margins; in fact,
the border phase of the intrusives, a muscovite quartz-diorite, is

coarser grained than the normal biotite or hornblende-biotite quartz



-27] -

‘gusuToads J91Q0 9UL U0 pasn seM anbTuyosy

RAST-TOYDITH 3UTL ‘£ pue got JoO suoTaTsoduiod aseTo0IdeTd Syl JI0J PSS SISM SUTML

24TqQT® - PBOSTI®D DIUIqUO) *suoTyeooT oTdwurs IO T *8Td 938 *S¥003S JUJL YITM pagBIOO0SSE
sseyd Jopioq 92Uz woxF o4' GhE PUB ‘geh ‘0997 PUB fSUITTOUIBRQ Y3 WOXJ oIB £fH pue ‘g96eT
f2Eh ‘192 ‘Qof fsio03s WOIF odB IO9T pue ‘Che ‘oGh sordusg  cjuddIad sumToA UT SIaqUN

mmqq pﬂﬂﬂ oy omq< pe om-maq< mm-ﬁmqq »Hq< pru mm-mmg< mm-mmq< HOTY TEOMMOD
9SBTOOTIBTJI
- - - - 7°0 - - - - - - SusxoIfg
9°0 & - - - - - - - - - 1ouIen
0 g ausydg
0 2 0 e = snbedp
7T ~ g°0 80 - - = = 6 - 93 TIOTUD
- 0°¢ 20 520pTdH
0°6G

Q
1O
1

!

I

i
QA
e
o

- 2PUSTQUIOH

- 21TAODSTY
mom mPHPOHm
ow

O
o
Q
ﬁ

F Z9.1erd
aedsprsl ¥
*T9 9'T9 9SBTO0TIIBTd

2P 0 4 QA
™
O
o
Ql

85! =t
QA
QJ

ach ore 0991 I99T AN T2 Q9¢ 0GH q962T €t €6c aoqunu oTdusg

YOO SATSNIAUT JO SIPOK

¢ STAEL



22~

diorite. The batholithic rocks typically contain hornblende as well
as biotite, whereas the stocks contain biotite only. The plagioclase
of the batholithic rocks is more strongly zoned and contains a higher
anorthite content. Most of the strongly-zoned feldspar grains are
osclllatory zoned with as many as four compositional reversals.

Eleven representative samples of the intrusive rocks were selected
for modal analyses, stained for potassium feldspar, and point-counted;
these modes, based on 500 points, are presented in Table 2. The
presence of garnet in several of the border phase rocks suggests

possible contamination.

Gneissic and miegmatitic rocks.

The greywacke units become gneissic and migmatitic within a
quarter mile of the Southern Batholith contact, between the junction
of Murphy Ieke Stock with the Southern Bstholith and the area south
of Kwoiek Needle Stock. Grain size increases abruptly, and bedding
glves way to gnelssosity as the migmatite zone is entered from the
less metamorphosed rocks away from the batholith. The rock is a coarse;
grained biotite schist containing abundant irregular layers and pods of
coarse-gralned (O-S-l mn. ) quartz-plagioclase rock. The guartzo-
feldspathic fractions can constitute 10-25 percent of a typical outcrop.
Assemblages of three migmatite specimens, 314, 37T7c, and 410, are given
in the Appendix. In addition, the migmatite zone contains numerous
quartz diorite dikes, as much as 30 feet thick. Rotated zenoliths indi-

cate an intrusive origin.
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Thin sections of the gneissic rocks show carlsbad and multiple
albite-twinned plagioclase (andesine) as well as oscilllatory-zoned
plagioclase in both biotite and quartzo-feldspathic layers. The
occurrences of multiply-twinned and oscillatory-zoned plagioclasé
grains in metamorphic rocks only in a narrow zone along the Southern
Batholith contact, where the metamorphic temperatures can be presumed
to be very high, suggests these grains might have crystallized from a
melt. As evidence of injection is lacking, it is probable that the
melt was formed by partial melting essentially in place. The time
spent in the migmatite zone did not permit detailed tracing of the
dikes; therefore, it is not known whether the dikes originate from the
batholith or are melted fractions that moved out of the metamorphic

rocks.

Structure

The major structural features include northwest-trending folds,
which are believed to be related to the intrusion of the batholith, an
inferred northwest trending fault, which is believed to be related t§
the intrusion of the serpentinite, and northerly-trending faults along
the east side of the Fraser River, which are later than the intrusion
of the batholith. The latter feature, not shown on Figs. 1 and 2, was
mapped by Duffell and McTaggart (1952).

The amphibolite units are the only good marker units in the Kwoiek
Area. The lower amphibolite, containing pillow structure (Table 1),
was followed across Kwolek Needle (Fig. 2) and appears to wrap around

Kwoiek Needle and head northwest. However, a glacler on the north side
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of Kwoiek Needle and the general inaccessibility of the region around
Frigid ILake makes its northwestward extension uncertain. The amphibo~
lite, containing pillow structure, encountered on a traverse west of
Murphy ILake, is inferred to be the same one which crosses Kwoiek
Needle. Pillow structures in the vicinity of Kwoiek Needle indicate
younger rocks to the east, making the fold around Kwoiek Needle an
anticline. |

The fold which involves the upper amphibolite, about three-
quarters of a mile southeast of Kwoiek Needle (Fig- 2), is the best
confirmed fold of the Kwoiek Area. Its ehtire configuration was
traced out in the field; and graded beds in the greywacke unit at its
east limb indicate younger rocks to the west, making the fold a
syncline. This amphibolite is believed to be the same as that shown
wrapping around Hanna Peak Stock. Amphibolite was found just north
of Hanna Iake, at two places up Kookipi Creek, and at numerous places
along the east side of Hanna Peak Stock. The distribution of the am-
phibolite 1s consistent with the interpretation of an anticline with
its axis nearly parallel and coincident with the long axis of Hanna
Peak Stock.

The generally low easterly dipping (150-500) beds between the
serpentinite and the upper amphibolite and the steeply dipping beds
east of the serpentinite are consistent with the interpretation of a
synclinal axis nearly paralleling the main serpentinite. This
synclinal axis coincides with an inferred fault along which the‘

major serpentinite mass is presumed to have been intruded. This fold
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interpretation is conjectursl and is difficult to prove or disprove
because of the absence of marker units northeast of the upper amphi-
bolite where it occurs on the east side of Hanna Peak Stock.

The lack of small scale folds in individual outcrops or of folds
in the feather amphibolites which are traceable for as much as & half
mile, as well as the relatively low plasticity indicated by the tex-
tures, suggests that extensive small scale isoclinal folding related
to the major folds is absent.

The structure section (Fig. 3) is based on the interpretation
that the folding of the units is the result of the intrusion of the
batholith and the stocks. This interpretation is primarily the
result of observations on the change of attitude of bedding and folia-
tlon as one approaches a stock or batholith contact. The attitudes
tend to parallel the contact near it, whereas the attitudes awa& from
the contact can be at any angle to the contact. Well-documented
examples of this are at the southern end of Hanna Peak Stock, northern
end of Granite Mountain Stock, and the western edge of Kwoiek Needle

tock (see Fig. 2). Attitudes more than a quarter of a mile away from
the stocks tend to parallel the Southern and Northern Batholith con-
tacts. In detail, however, the stocks do cross-cut bedding.

Although the structural evidence strongly suggests the intruding
stocks made room for themselves by pushing aside the intruded rocks,
some assimilation and stoping must also have taken place. This is
evidenced by numerous xenoliths at the contacts as well as the mega-

xenoliths as much as half a mile long seen in Kwoiek Needle Stock.
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METAMORPHIC REACT.IONS

Introduction

The variation of metamorphic grade in the Kwoiek Area is
indicated by the distribution of isograds on Fig. 4. The broadest
areas of high metamorphic grade are along the Southern Batholith
contact. The grade decreases away from the contact to the northeast
but increases on approach to the Northern Batholith contact as well
as around each of the stocks. However, even at the stock contacts
and at the contacts of the Northern Batholith the metamorphic grade
"is well below that found as much as a mile from the Southern Batho-
1ith contact. The grade at the contacts of the stocks close to the
Southérn Batholith contact 1s higher than that around the stocks
closer to the center of the pendant. For exsmple, the grade on the
northeastern side of the Kwoiek Needle and Hanna Pezk Stocks (KNS
and HPS on Fig. 4) is greater than around Granite Mountain (GMS) or
Summit Mountain Stocks (SuMS)- The grade at the Northern Batholith
(NB) contact is greafer than that around Summit Mountaln or Granite
Mountain Stocks but is close to that at the northeastern contact of
Hanna Peagk Stock.

The isograds mapped are not simply ﬁhe lines enclosing all occur-
rences of a given index mineral but represent the surface traces of
| metamorphic reaction surfaces. Isograd 2 on Fig. 4 does enclose all
occurrences of garnet as well as representing a specific reaction. The

sillimanite isograd could be shown on Fig. 4 but is not because it is
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Fig. 4. Map showing distribution of quartz diorite intrusives and
mapped isograds. Number and letter symbols indicate
locations of particular assemblages as tabulated in

Tables 3, 4, 6, and 7. See Fig. 1 for key to batholith

and stock names.
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nearly coincident with isograd 6.

The isograds mapped in the Kwoiek Area are separated into two
distinect types. One type consists of those reactions that have
taken place in rocks with a moderate calcium content. By this is
meant that in all metamorphic grades at least one major calcium-
bearing mineral, such as diopside, an amphibole, epidote, or calcite,
is present. The other type consists of rocks without a major calcium-
bearing mineral, although significant amounts of calcium do occur in
the plagioclase and garnet.

Most of the rocks in the Kwolek Area give reactions in the first
group and these reaction boundaries are the most instructive for giving
an idea of relative temperature gradients in the lower grade rocks.
However, in the higher grades, reaction boundaries for the high-calcium
(high-Ca) rocks are not as closely spaced; relative to the inferred
temperature gradient, as in the lower grade rocks. For example, assem-
blages including hornblende and garnet occur well before the appearance
of staurolite in the low-calcium (low-Ca) rocks and persist into the
area where sillimanite appears. Only at the igneous contacts does a
calcic pyroxene appear. On the other hand, at least two isograds can
be mapped in the low-Ca rocks in this interval, and two more must exist
but are not mappable due to paucity of rocks with appropriate composi-
tion. Hence, isograds in high-Ca rocks are most useful in lower grade
regions and isograds in low-Ca rocks are most useful in the higher grade

regions.
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The following sections give a detailed description of each of
the isograds. However, all the analytical work was done on samples
of the low-Ca rocks. The discussion of the isograds in the low-Ca
rocks serves as the framework for the discussions on the analytical
WOTrK .

The locations of the specimens mentioned in the text are shown
in Fig. 1, and the assemblage for each specimen is listed in the
Appendix. Also in the Appendix 1s a list of mineral names which are
keyed to the abbreviations used in the text. The assemblages on
which the location of the isograds was based are shown by number or

letter symbols on Fig. 4 and are keyed to Tables L4 and T.

Reactions in High-Ca Rocks

Hskols, (1920) based his classic facies concept on the metamorphic
minerals developed in rocks of basaltic composition. ILittle defini-
tive work has been done since that time to establish a detailed
sequence of reactlons in basaltic or high-Ca rocks, although facles or
subfacies have been defined and redefined by the occurrences of criti-
cal assemblages of minerals in metamorphosed basalts and high-Ca rocks
(most recent review in Turner and Verhoogen, 1960) . The Kwoiek Area
presents an unusual opportunity to study reactions in high-Ca rocks
because high-Ca rock compositions are found continuously from the
quartz - albite - muscovite - chlorite subfacies of the greenschist
Tacies to the sillimanite = alﬁandine - muscovite subfacies of the

almandine - amphibolite facies (Turner and Verhoogen, 1960). Thus it
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should be possible to draw phase diagrams containing several
coexisting assemblages for any given P and T in the Kwoiek Ares.
Changes in the topology of the phase diagrams with increasing
grade of metamorphism will define an isograd for which a reaction
can be written.

Graphical treatment of the high-Ca assemblages is difficult.
Even in the presence of quartz and with HHEO and UCOQ assumed exter-
nally controlled (Thompson, 1957), there are six components that are
important: Ca0O, Nay0, Als03, FeO, MgO, and K;0. Therefore, several
simplifying assumptions must be made. The first 1s that there is o
only one important NagzO-bearing phase in the rocks, plagioclase,
which occurs in all assemblages so that NazO0 is not a critical compo-
sitional variable. The second is that FeO and MgO can be treated as
one component. This is true if the minerals dealt with have a complete
solid solution with respect to MgO and FeO for the range of rock compo-
sitions observed in the field and do not have greatly different
partition coefficient for FeO and MgO. This assumption 1s believed to
be wvalid for chlorite, blotite, and calcic amphibole but breaks down
with the appearance of garnet. These two assumptions reduce the total
number of effective components to four, Als0z, K50, FeCtMgQ and CaO,
which can form the corners of a tetrahedron. This tetrahedron 1is
shown in Fig. 5. Figures 5a, 5b, and 5¢ represent the changes in topo-
logy of the diagram with increasing metamorphic grade prior to the first
appearance of garnet. With the appearance of garnet, a mineral with

limited Mg-Fe solid solution, a simple phase diagram cannot be drawn,
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Fig. 5. ACKF tetrahedra showing four-phase assemblages of

low-Ca rocks of blocks A, B, and C (Tables 3 and k4).
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and it becomes convenient to represent the assemblage changes with
metamorphic grade tabularly, as in Table 3.

The several groups of minerals listed from left to right on
Table 3 are coexisting assemblages that can coexist over a range of
temperature (solid pressure assumed constant in the Kwoiek Area).

This range of temperature is called a block and is labeled A, B, C,
C', or D. To go from one block to another in the direction of
increasing temperatures (for example from block A to bleck B) a
reactlon must take place that involves the breaking of tie-lines on
FFig. 5 or the appearance or disappearance of a phase. The lines
connecting assemblages of different blocks show the new assemblages
which must form when one of the reactions take place. DNot all
assemblages will change from one block to another, and assemblages

in higher temperature blocks can be produced by more than one path,
originating from initially different assemblages. IFor example, the
chl - carb - ep - musc and the chl - bio - act - carb assemblages can
both lead to the chl - ep - bio - act assemblage. The reactions
between blocks are isograds and can be mapped. On Fig. L4 the isograds
~are labeled by the block symbol (letters for high-Ca rocks and numbers
for low-Ca rocks) of the higher grade group of assemblages. Table L
shows the list of all assemblages found, the number of rocks of each
assemblage found, and a number keyed to sample localities on Fig. 4
(the numbers in parentheses on Fig. M). Not all the observed assem-
blages contain all the minerals that could be found in the rock. This

is because the compositional fields indicated by planes and lines on
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Table 3

Coexisting Assemblages

with Increasing Metamorphic Grade in High-Ca Rocks

chl ehl chl
carb carb bio
ep bio act /
musc musc carb
, ' ; | (B) , chl + carb +
chl ehl carb chl musc —>
carb ep ep bio ep + bio
ep bio bio act
bio musc musc carb
| [——— (C) chl + carb—>
chl carb chl canb bio act act + ep .
ep ep ep ep act ep
bio bio bio bio ep chl
act act musc misc carb bio
I I [ ] (¢') chl + musc —»
chl carb gar carb bio act gar + bio
ep ep ep ep act ep
bio bio bio bio ep chl
act act musce muse carb bio
58 (D) chl + ep —>
¢hl carb chl ep carb  bio ¢hl B8E ¥
bio ep bio bio ep act bio
ep bio musc nmsc bio ep ep
hbl kbl gar gar musc  carb  hbl
gar hbl hbl gar

The assemblages in each block can coexist at the same
metamorphic grade, which increases by blocks from top to
bottom. The reactions between blocks are indicated, and
letters in parentheses refer to isograds mapped on Fig. L,
Iines connect assemblages related by the reactions.
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Table 4
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Area and Number of Specimens Observed with Each Assemblage

Assen-
Block Dblage

number
AB 30
A 31
ABCC' 32
A 33
A 3L
AB 25
AB 36
B 37
BC? 38
ABCC'D 39
ABCC'D Lo
B! I
BCC'D Lo
ioige L3
a{ehip, Ly
CcC'D L5
o L6
ourD L7
41D L8
o'D Lo
o 50
g 51
D 52
D2 53
D 54
D 55
D 56
D b
D 58
D 59
D 60
D2 61
B 62

misc
nmisc
misc
misc

msc

misc
msc
msc
musc
masc

misc

masc
misc

chl
eRll
ol N
chl
ehl
ehl
ch.l
ehl
chl

chl
ehl
ehl

chl
chl

chl
TN
chl
chl

chl
chl
chl
ehl

carb
carb

carb
carb
carb
carb
carb
carb

carb

Assemblage
ep
€p
blo
bio
amph
ep bio
ep bio amph
bio amph
bio amph
ep bio
ep bio
ep amph
€p amph
ep bio amph
ep bio amph
ep bio amph
ep bio
ep bio
ep
€p bio
bio amph
ep bio amph
amph
bio amph
ep bio amph
€p bio amph
ep amph
bio  gmph
bio amph
ep blo  gmph
bio amph

gar
gar
gar
gar

gar
gar
gar
gar
gar
gar
gar
gar

calcic
pyroxene

umber
specimens
found

HEENRFODOOEFREFWODRRE RIS RN EO~UMERERER -0

Block letters refer to blocks of Table 3 which contain the
The assemblage number is keyed to the isograd

assemblage.
map, Fig. k.

All assemblages contaln quartz and plagioclase
and most contain ilmenite and graphite as additional phases.
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Fig. 5 are actually large volumes due to the variation of Fe and Mg.
Thus a rock composition is almost as likely to fall in a three-phase
volume as in a four-phase volume. DPossible assemblages outside the
volume calc - ep - musc - chl - bio - act of Fig. 5 are not considered
in this section.

The first reaction identified is based on the observation that in
" the rocks furthest from any stock or batholith and which appear low
grade texturally +the assemblages designated in block A are common.
In rocks closer to a heat source than those of block A, the three
minerals chl - carb - musc were not found together, but combinations
involving two of the three were found together. Thus a reaction
involving all three of these minerals must have taken place. No new
mineral is present in block B that is not present in block A, but
biotite and epidote became more abundant. Therefore a reaction of
the type

(1) 15KA1,A1Si50,(0H)z + 9(Fe,Mg)sAlsSis0i0(0H)s

(muscovite) (chlorite)

+ 32CaC0z + 215i0;
(calcite) (quartz)

——o 15K(Fe,Mg)aAlSiz 0o(0H)s + 16CazAls(Si0, )a(OH)
(biotite) (epidote)

+ 32005 + 28H;0

nust have taken place.
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Equation (1) has been mapped on Fig. 4 and labeled isograd B,

indicating the passing from block A to block B of Table 3 and from
Fig. 5a to Fig. 5b.

At higher grades it was noted that chlorite and carbonate are
not found together, but a blue-green amphibole (probably close to
actinolite in composition) becomes abundant. This indicates a

reactlon of the type

(2) 3(Fe,Mg)gAl55150,,(0H)g + 10CaCOs + 21510,
(chlorite) (calcite) (quartz)

—— 3Ca (Fe,Mg)sSig 052 (OH)z + 2CazAls (810, )s0H
(actinolite) (epidote)

+ 1000, + 5H,0

has taken place.
Equation (2) is represented in Fig. 4 as isograd C.
The next apparent change of mineralogy 1s the appearance of

garnet by the reaction

(3) nusc + chl = gar + bio

This reaction will be discussed in the next section as it properly
belongs to the low-Ca reaction series. It is important to mention
here because it does occur at a lower grade than the next reaction
which involves the appearance of hornblende with garnet.

With the appearance of hornblende and garnet together, epidote

and chlorite do not appear stably together, thus suggesting a reaction
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of the type

(4) 8(Fe,Mg)sAlySia0,(0H)s + 22CagAls(Si0, )50H
(chlorite) (epidote)

+ TNaAlSiaOs + 35105 —e 4(Fe,Mg)3A15 (810, )
(albite) (garnet)

+ TNaCagp (Fe,Mg),A1Al,Sig005 (OH)o+ 30Cahl,Sis0g
(hornblende) (anorthite)

+ 36H;0

This reaction is represented as isograd D on Fig. 4 and is the last
clearly recognizable reaction in the high-Ca rocks before the
appearance of calcic pyroxene at two localities at igneous contacts.

The predicted consequences of reaction 4 are that the plagio-
clase will increase in anorthite content and the amphibole will be
more like a true hornblende than the actinolite of the lower grade
rocks. These predictions are supported by changes in optical proper-
ties of the phases. The plagioclase has a distinctly higher relief
than that in block C assemblages, and the amphibole pleochroism in
the z direction becomes a darker green than in the lower grade
-amphiboles.

As can be seen in Table L4, not every assemblage is diagnostic of
a parﬁicular block. Fewer phases than those listed for each assemblage
may be present, thus increasing the ambiguities of determining by the

assemblage which block a particular rock belonged to. It 1s possible,
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however, to fix the isograds within general limits by comparing
different assemblages from rocks collected close to one another.
For example, the assemblage chl - bilo - musc - ep can occur in
block B or C and the bio - ep - amph assemblage can occur ian block
C or D. If the two assemblages are collected from adjacent out-
crops, 1t 1s clear that they both belong to block C as they both

overlap this block.

Reactions in ILow-Ca Rocks.

In the lower metamorphic grades of the Kwoiek Area the low-Ca
rocks might be classified as pelitic since they consist predominantly
of quartz, muscovite, and chlorite. However, in the higher grade
rocks, marked by the appearance of staurolite, primary muscovite is
generally absent and the most common assemblage is chl - bio - stl
- gar with quartz, plagioclase, ilmenite, and graphite. In the rare
cases where primary muscovite is present with staurolite or an alumi-
num silicate, chlorite is absent.

The term "primary muscovite" was used above to distinguish the
muscovite in rocks, in which it is abundant, is oriented along folia-
tlon planes, and has a grain size the same or smaller than the
coexisting biotite, from two other types of muscovite not considered
to be primary. One type consists of shimmer aggregates apparently
replacing staurolite, aluminum silicate, or rarely garnet porphyro-
blasts at their margins. This type can occur anywhere in the Kwolek

Area. Several such aggregates were shown to be muscovite by x-ray
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diffraction. The other type of non-primary muscovite consists of
porphyroblasts several millemeters long which cross-cut the folia-
tion as well as other minerals in the rock. A discussion of the
significance of the non-primary muscovite types is given at the end
of this section.

Plagioclase is abundant in the high grade pelitic rocks but the
absolute amount present is difficult to determine due to its very
small size (< 05 mm.). It probably makes up on the order of 25
percent of the quartzo-feldspathic fraction in most cases. The
plagioclase compositions in Table 5 are based on microprobe analysis
for Ca0. Plagioclase was abundant in all but sample #10 which con-
tained only a trace. Assemblages of the specimens are listed in the
Appendix. It is not known why the compositions of individual grains,
which are nearly homogeneous, vary so much from point to point in a

thin section.

Table 5
Sample Number Anorthite Contents
15ka 28, 30, 31, 34, 35, 35, U6
10 8, 18, 17, 22, 23
350B 31, 28 (edge) - 31 (center)
371C 39

The observed mineral assemblages and the compositions of the
coexisting phases are in the X0 - Alp;03 - FeO - MgO system; muscovite-

bearing assemblages may be shown on a projection from muscovite
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Geometric relations for deriving AFM diagram of Fig.

Alsi_0.. (OH)

using biotite (X Fel°5Mglﬂ5 10

2) as a

projection point. The three corners of the biotite
projections of Fig. 7 are the muscovite composition

projected onto the KAl2 ~ Fe3A12 - Mg3A12 plane,

Fe3Al2, and MggAl2°
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Fig. 6.
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(Thompson, 1957), and biotite-bearing assemblages may be shown on s
projection from biotite as shown in Figs. 6 and 7. The projection
of Figs. 6 and T is wused because most of the assemblages above the
stauroclite grade do not contain muscovite, but all the low-Ca rocks
of the Kwoiek Area, above the biotite grade, contain biotite.

A three-phase assemblage on either projection would contain the
six components 5i0Os, Al;03, K30, MgO, FeO, and HgO; it would be tri-

variant in P, T, and s 50 long as any additional phases introduce

H; 0O
a uew component, and as long as any additional component introduces

a new phase. Plagioclase, epidote, graphite, tourmaline, apatite,
pyrite, pyrrhotite, or zircon may or may not be present above the
garnet grade in any assemblage, but in each case they introduce an
additional component. The MnO and FepOs; content is low and is con-
tained in other phases rather than introducing additional phases;
hence, they may constitute additional variables affecting the
composition of phases in the three-phase assemblage.

Table 6 shows the mineral assemblages observed in the low-Ca
rocks of the Kwoiek Area. The locations of critical assemblages for
the defining of isograds are shown in Fig. 4 in a similar manner as
for the high-Ca rocks. However, numbers are used for the block sym-
bols rather than letters. All the possible assemblages that could be
found in a rock whose initial composition is within the gar - chl -
musc - blo volume are shown in Table 7, which is analogous to Table 3

for the high-Ca rocks. The reactions between blocks listed in Table T

correspond to the changes of topology between the phase diagrams of
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Table 6

Assemblages in Low-Ca Rocks Observed in the Kwolek

Area and Number of Specimens Observed with Each Assemblage

Assem- Number
Block  blage Assemblage specimens
number found
M 1 musc chl 8
1-7 2 musc blo 3
1«7 3 bio 2
Te 7 L  msc chl bio 16
1o T 5 chl bio 1
5 o P 6 musc(l) bio gar 10
2 -7 7 bio gar L
2 - 7 8 chl bio gar L7
2 9 musc chl gar i
2 10 musc(l) chl bio gar 2k
3-5 11 (msec) bio stl 1
Y- 12 musc(2) bio par sl >
3= B 13 bio gar stl L
2 = 14 chl bio gar stl 2
3=7 15 (msc) chl bie gar stl 5
N 16 musc(l) chl bio stl 3
5 1% (musc) bio stl ky 1
5«6 18 chl bio stl and i
5 oo 19 (musc) bio and il
5 = 7T 20 bilo silli L
& =7 21 (musc) bio gar silli 1
6 22 (musc) bio gar stl ky and silli 1
6 23 (musc) bio gar stl and silli L
6 2k (musc) bio gar stl ky b
6 25 bio gar stl ky i
& o6 bio gar stl ky gilli it
6 27 (musc) bio gar stl o0 W o 2
i 28 bio stl and cord 1
T 29 chl bio gar silli x

Block numbers refer to blocks of Table 7 which contain the
assemblage. The assemblage number is keyed to the isograd
map, Fig. 4. All assemblages contain quartz, plagioclase,
i1lmenite, and graphite as additional phases.

(musc): muscovite of all samples with this assemblage is
coarse, cross cutting (see text).

msc (2): two samples of this assemblage contain coarse, cross
cutting muscovite; the rest contain primary muscovite.
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Table 7T

Coexisting Assemblages with Increasing Metamorphic Grade
in Low-Ca Rocks

Block
chl
1 misc
bio :
(2) musc + chl —>
chl chl gar + bio
o musc misc
bio gar
bio
(3) musc + chl —>
e¢hl ¢ehl mLsc gar + stl + Dbio
misc gar gar
3 bio bio bio
| gl stl
| | ﬂ | (4) musc + chl —>
chl ehl ¢hl musc stl + bio
g rmisc misc gar gar
stl bio  bhio bio
bio stl stl
— | | (5) musc + chl —>-
chl musc chl chl chl misc Al + bio
stl gl musc musc gar gar
° bio  bio bio Dbio bio  bio
Al Al Al stl stl
| | | ey (6) musc + stl —>
chl gtl muse chl claH chl gar musc Al + gar + bio

g stl bio bio musec musc gar bio gar
bio gar gar bio bio Dbio stl bio
gtl Al Al
| I | (7) stl=—>Al + gar
chl musc chl Gl chl musc
bio biec Dio misc musc gar gar gar
gar gar gar bio Dbio bkio bio Dbio
Al A1 Al Al Al A1 Al

The assemblages in each block can coexist at the same
metamorphic grade, which increases by blocks from top to
bottom. The reactions between blocks are indicated, and
numbers in parentheses refer to isograds mapped on Fig. 4
and to the reactions discussed in the text. Lines
connect assemblages related by the reactions.

(Note: Al = aluminum silicate)
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Fig. T

The actual composition of both muscovite and biotite differs
slightly in the Variqns assemblages and the projection ig made from
a pure muscovite (KAlgAlSngQ(OH)E) for the muscovite projection and
from a biotite composition that contains equal amounts of molar FeQ
and Mg0 (Kﬁbln5Mg1,5Al Sist(OH)g) for the blotite projection. Thus
the horizontal axis on the biotite projection is made linear in
Fe/Fe+Mg- The composition of the projection phase will be fixed for
a given three-phase assemblage, trivariant in P, T, an@ aH;O’ and
could be indicated on the diagram.

Figures Ta, b, ¢, d, and e show the changes of topology of the
projections with increasing grade of metamorphism based on the observed
assemblages. Two points of note that can be seen in the comparison of
the two projections 1s that staurolite persists to higher temperatures
in non-muscovite bearing assemblages than in muscovite-bearing assem-
blages, and garnet can exist stably with chlorite at least into the
grade of metamorphism where staurolite i1s no longer stable.

Anticipating the analytical data of later sections, it was
observed that garnet and staurolite are zoned whereas muscovite,
chlorite, and biotite are unzoned. Therefore, no reaction can be
written involving either garnet or staurolite as reactants unless the
garnet or the staurolite show evidence of resorption. In the highest
grade rocks of the Kwoiek Area, the staurolite does show evidence of
resorption. The reactions given in Table 7 and to be discussed below

are based on this premise as well as on the premlse that pro-grade
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metamorphic reactions are dehydration reactions such that chlorite
and muscovite have smaller compositional fields of stability with

increasing metamorphic grade.

Reaction (2) -- chlorite + muscovite —wgarnet + blotite

The detailed reaction is

(2) 15(Fe,Mg)sAlz5130,(0H)s + 6KAL; .67 (Fe,Mg)o.5A15150,(0H)s + 15510,

(chlorite) (muscovite) (quartz)

—— 20(Fe,Mg)sAl, (8510, )5 + GK(Fe,Mg)sAlSia0o(0H)s + 60Hz0
(garnet) (biotite)

This reaction marks the first appearance of garnet and is the same as
reaction(S)of the preceeding section. Reaction (2) assumes signifi-
cant FeO and MgO in muscovite. Reaction (2) is listed as the first
reaction in the low-Ca rocks even though there should be a prior reac-
tion involving the appearance of biotite. The reaction making bilotite
must be strongly dependent on rock composition as well as T and P, and
an understanding of the reaction meking biotite would involve more
detailed analytical work on the low grade chlorite and muscovite than
has been done. The isograd for this reaction was not mapped because of
the difficulty of recognizing the first appearance of biotite in the
field and because it 1s probably a broad band because of the dependence
on rock composition. Reaction (2), on the other hand, was mapped and
is shown as isograd 2 on Fig. 4. It is also dependent on rock composi-

tion, and, therefore, does not represent an isotherm; but it is easy to
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recognize in the field.

Reaction (3) -~ chlorite + muscovite —= staurolite + garnet + Dbiotite

The detailed reaction can be broken into the two reactions:
(2) chlorite + muscovite — garnet + biotite

(4) 155(Fe,Mg)sAlsSizOo(OH)s + 2LEKAL; g7 (Fe,Mg)o .sA415150,(0H),

(chlorite) (muscovite)

———= 40(Fe,Mg)oAl1Sig 0,6 (OH)z + 246K(Fe,Mg)sAlSis00(0H) 2
(staurolite) (biotite)

+ 1455105 + 580H,0

If the rock were initially too magnesian to produce garnet before
staurolite, reaction (u) could occur before reaction (3) in rocks of
the composition being considered here.

The important consequence of reaction (3) is that the garnet and
staurolite which are growing by reaction (3) must be growing at con-
stant temperature because according to the empirical evidence of most
metamorphic terraines, including Kwoiek Area, the five phases involved
in reaction (3) are not found stably together. Thus, the reaction will
proceed under constant temperature until either muscovite or chlorite
are used up. The implication of reaction (3) taking place under constant
temperature is that the Eb/Fé+Mg ratios of the ferromagnesian minerals
must remain constant. It cannot be proven whether chlorite or biotite
obey this criterion but the analytical work on the staurolite shows
that the criterion is met for that mineral. A discussion of the stauro-

lite zoning and its bearing to this argument is given on page 149ff. The
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garnet zoning pattern is not conclusive because of the complicating

effects of the additional components MnO and CaO.

Reactions involving the growth of garnet and staurolite after

the disappearance of chlorite or muscovite.

After the completion of reaction (3), the assemblage is either
chl - blo - gar - stl or musc - bio - gar - stl, depending on whether
muscovite or chlorite is used up. In both cases, there is analytical
evidence that the staurolite and garnet continued to grow by some new
reaction. The textural and analytical evidence of this reaction is
discussed on page 149ff. The textural evidence consists of a discontin-
uous break in the growth history of the staurolite marked by differences
in the concentration of inclusions (both graphite and quartz)'between
the outer and inner zones or by small grains of quartz located along
the zone boundary. The analytical evidence consists of abrupt changes
in Mg, Ti, Al, and Si contents across the staurolite textural boundary.

One reaction proposed here for the continuous growth of staurolite

and garnet in the more common assemblage chl - bio - gar - stl is

(ka) chlorite + (high-Ti) biotite + AlpOs —e staurolite + garnet

+ (low Ti) biotite

Reaction (l4a) can be split into the two reactions
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(ba-1) ULFe; ,sMgsAlsSis .50,0(0H)s + 69KFeMpsAlSis0,(0H)s
(chlorite) (biotite)

+ 34%A1,05 + 26510, ——e L .5FesMg; Al 0,6 (0H) 5

(quartz) (staurolite)

+ 69KFe Mgz .5ALS1500(0H); + 11.5H;0
(viotite)

(ha-2) U4Fe; .sMgsAlsSiz.s00(0H)s + 15KFeMgyAlSisOo(OH),

(chlorite) (biotite)

+ 88102 e 6Fe2 ,gsMguquJ_gSigolg
(quartz) (garnet)

+ 15KFe sMgs .sAlSiz06(0H)s; + 16H;0
(biotite)

in order to illustrate the approximate relative amounts of the minerals
using approximately correct mineral formulas. Extensive analytical
work was done to determine what minerals and what approximate formulas
of the minerals were involved 1in reaction (Ma). The problem is to
maintain growth of both garnet and staurclite in the assemblage gar -
stl - bic - chl - ilm - plag - gtz - graph. Analyses showed that the
excess Al needed on the reactant side of equation 4a does not come
from a change in aluminum content of blotite or chlorite. A possible
source for the AlzOs could be a reaction between plagioclase and garnet
as suggested by the increase of Ca in garnet shown on the garnet pro-
files (Fig. 15).

Analytic work on biotite did show, however, that the blotite on

the reactant side of reaction (ha) had consistently 10 percent higher
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Ti content than that on the product side, correspmding to an increase
in Ti in the staurolite, as shown in the staurolite zoning profile of
Fig. 43.

Reaction (la-1) may involve some reduction of Fe as 1t progresses
since the total analyses of the staurolite (Table 12) suggest a
decrease in Fe'® content from the central zone to the outer zone.
Reduction of Fe'® during progressive metamorphism of rdcks containing
graphite is expectable and is discussed in Part V.

An alternative to reaction (ha), that for the growth of staurolite

and garnet from the musc - gar - stl - bio assemblage is:
(4b) musc (phengitic)==ﬁugar + stl + bio + musc (less phengitic)

This reactlion is difficult to prove analytically because the number of
rocks of the Kwolek Ares with the musc - stl - gar - bilo assemblage is
small. Analyses of muscovites in the Kwolek Area do show significant

contents of Ti, Mg, and Fe which must be present to produce the ferro-
magnesian minerals garnet, staurolite, and biotite. Reaction (hb) may
also take place under conditions of increasing reduction of iron as

many phengites contain ferric ilron.

Reaction (5) -- chlorite *+ muscovite——ealuminum silicate + biotite

The detailed reaction is:

(5) 2FeyMgs .sAlsSis,500(0H)g + 3KAL3Sisz0(O0H)z + Si0p

(chlorite) (muScovite) (quartz)

—— 6A1,8105 + 3KFe.g7Mg.33AL8150,(0H), + 8H0
(Al-silicate) (biotite)
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This reaction involves the first appearance in the Kwoiek Area rocks
of an aluminum silicate, either kyanite or andalusite; but would be
observed only in the relatively high-Mg rocks where chlorite and
muscovite do not react to give garnet or staurolite until the aluminum

silicate stability field is reached.

Reaction (6) -- muscovite + staurolite—e aluminum silicate + garnet

+ biotite

The detailed reaction is

(6) 3KAlsSis0,(0H)s + 3(Fe,Mg)sAligSigOu6(0H)s + 6810,

(muscovite) (staurolite) (quartz)

——— 2TA1;5105 + 2(Fe,Mg)3AlsSiz015 + 2K(Fe,Mg)sAlSia0,(0H) o+ 5Ha0
(Al-silicate) (garnet) (biotite)

This reaction involves the loss of staurolite (or preservation of
unreacted but unstable staurolite) or muscovite from the assemblages,

stl - Al-silicate - musc - bio or stl- gar - musc - blo.

Reaction (7) -~ staurolite —wgarnet + aluminum silicate

(7) 3(Fe,Mg),Aly 551046 (0H)z + 11810;—L4(Fe,Mg)3A1,5150;2
(staurolite) (quartz) (garnet)

+ 23A155105 + 3Hz0

(Al-silicate)
This reaction involves the resorption of staurolite and is inferred to
have taken place in the highest grade rocks west of Murphy Iake Stock.

For example, in rock 410, staurolite is present but has been partially
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resorbed. Several grains of anhedral staurolite can be seen in a
small area which, although made up predominantly of quartz and
plagioclase, still preserves a euhedral staurolite outline. The
grains of staurolite within this area make up only about one-fifth

of the area of the staurolite outline and preserve optical continuity.

Origin of non-primary muscovite

The origin of the two types of non-primary muscovite is proble-
matical. The fine-grained, shimmer-aggregate type occurs on the
margins of staurolite grains, wherever staurolite is present. In
some cases, where staurolite is completely or almost completely
replaced, chlorite is also present at the former staurolite edge-.
Shimmer aggregates also occur at the margin of the aluminum silicate
grains, especially andalusite, and in this case the shimmer aggregate
is entirely muscovite, as verified by x-ray. The coarse, cross-
cutting porphyroblasts, on the other hand, can occur in any assemblage
but only within about 1000 feet of an intrusive contact.

The shimmer-aggregate muscovite 1s inferred to be the product of

retrograde reactions of the type:
stl + bio ==schl + musc
or Al-silicate + bio—wchl + musc

In the case of the former, the assemblage is changing from, for example,
a gar - stl - chl - bio stable assemblage to a gar - chl - bic - musc
assemblage. In the latter case the assemblage is changing from, for

example, a stl - Al-silicate - chl - bio assemblage to a
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musc - stl - chl - bio assemblage, or, if staurolite retrogrades
also, to a musc - chl - bio assemblage.

The coarse, cross-cutting muscovite porphyroblasts could have
formed also by a retrograde phase of metamorphism but with fluids
from the nearby intrusive rocks inducing better crystallized musco-
vite. However, in some rocks containing the coarse muscovite, the
staurolite and garnet are eudedral and appear unaltered, indicating
they could not have been part of a retrograde reaction. The biotite
also appears fresh and if this mineral retrograded to muscovite; one
or two secondary iron bearing phases, such as chlorite and/or opaques,
should be produced as well. Many of the coarse muscovite-bearing
rocks do not contain any chlorite (Table 6), nor do they contain any
clearly secondary minerals.

These observations suggest an unusual genesis for the coarse,
cross-cutting muscovite porphyroblasts. One possibility is by meta-
somatism. In order to take an assemblage from the bio - stl - gar -
Al-silicate field, the most common assemblage containing the coarse
muscovite as an extra phase, to a field containing muscovite, KO must
be added with a reaction relationship; or KzO and Al;0z, with the pro-
portions of muscovite, must be added. A possible reaction relationship
could be K;0 reacting with the aluminum silicate. The aluminum silicate
minerals kyanite and sillimanite are generally not euhedral, and the
kyanite typically appears partially resorbed.

In light of recent experimental work by Seki and Kennedy (1965)

it seems reasonable to expect K5O to be an introduced component.
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Experiments on the melting relations in the system KA1SizOs - HyO
indicate that late stage orthoclase, crystallizing from a cooling
magma, can react with the vapor present to give muscovite + fluid
rich in Kz0 and SiOg (Fig. 8). These components are then free to
move into the surrounding environs.

Supporting evidence for the possibility of this mechanism
taking place is that there are several small bodies of plutonic
rock, notably at the border of Kwoiek Needle Stock and at the
border of Skihist Mountain Stock, which are muscovite quartz diorites
(Tdble l). The muscovite quartz diorite is similar to the biotite
quartz diorite that is common in the Kwoiek Area except for the pre-
sence of muscovite. It might be concluded that these rocks originally
contained potassium feldspar which reacted with water to give the mus-
covite and fluids rich in K;0 and SiO;. The SiO; given off in the
reaction could well have gone to form the quartz veins found at several
places in and near to the intrusive rocks.

The alternative metasomatic possibility, that of an introduction
of the muscovite composition rather than just KzO0, is partially
supported by one occurrence of a monomineralic veinlet containing
muscovite in a border phase specimen. This indicates that the musco-
vite composition was at least locally mobile; but how it got into its

mobile form is not known.
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Variables Affecting Metamorphic Reactions

The variables affecting the temperatures of the reactions

HE! P (decafbonization reactions only),

discussed above are P H,0° 00,

solid’
rock and/or mineral composition, and possibly Pbg« Therefore, some of
the isograds mapped on Fig. 4 may not be isotherms because of local
variations of the above variables. The purpose of this section is to
determine, for each isograd, how closely the isograds represent iso=-
therms.

It 1s reasonable to assume Psolid was a constant in the Kwoiek

Area during metamorphism as the area is a single pendant or screen in

a batholith. The wvariables P are difficult to evaluate

H,0

within the scope of the present work, and, therefore, the following

and PCOB
assumptions will be made: (l) p} and M are externally controlled
150 COs

(Thompson, 1957), (2) ol and. have some dependent relation on

COs M0
temperature. Assumption (2) assumes that to an approximation the compo-
sition of the initial pore fluid in the metasedimentary rocks was
constant from outcrop to outcrop in the Kwoiek Area. This assumption
is reasonable because the metasedimentary rocks of the Kwoiek Area are
essentially one type, greywacke (Part II).

Granting these assumptions and that P 1s everywhere the same,

solid
an evaluation can be made on the importance of rock and mineral composi-
tion. Clearly, rock composition is important. Without the appropriate
rock composition a reaction could not be identified. This is certainly

true for reaction (5) and other possible, but unknown reactions in the

high-Ca group. However, the problem is how rock and mineral
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composition affect the location of isograds that are mapped. In
other words, if a reaction is mapped at twd different localities,
has it occurred at the same temperature at both localities?

In a four component system, if the reaction involves four phases,
the phase rule restrains the reaction to take place at a fixed tempera-
ture because the compositions of the phases are fixed for a given
temperature (given the above assumptions). However, 1f only three
phases are involved as reactants or products, there 1s one more degree
of freedom, and the temperature of the reaction, where the reaction is
observed to take place, will vary depending on the composition of the
individual minerals.

With this thought in mind, it 1s clear that the temperatures of
isograds B and C are dependent on the composition of the phases as
reactions involve only four phases in a five component system. The
fact that isograds B and C on Fig. 4 make reasonable sense with res-
pect to intrusive contact outlines is suggestive that the compositional
dependence is not iImportant; but the best evidence that the composi-
tional dependence is not important is that only one rock was Ffound with
five phases (assemblage number 38, located off the map of Fig. 4) which
overlapped two blocks (in this case blocks B and C). If reactions B
and C took place over a wide range of temperature, more assemblages
would be found overlapping blocks A and B or B and C. Therefore,
although the temperatures of isograds B and C are dependent on compo~
sition, the dependence is not important so that isograds B and C on

Fig. 4 are, to an approximation, isotherms.
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Isograd D, representing the reaction between five phases in a
five component system does, according to the phase rule, represent
an lsotherm. By the same argument isograds 3, 5,(in the presence of
staurolite), 6,and 7 (in the presence of chlorite or muscovite) must
also represent isotherms. Isograds 2 and L (not in the presence of
garnet) are not isotherms because they involve the same components
as isograds 3, 5, 6, and T, but have one less phase. Arguments can-
not be made as to how close isograd 2 approximates an isotherm because
a distinctive intermediate assemblage, as could be expected between
. blocks A and B or B and C, would not be expected. Isograd 4 could not

be mapped due to paucity of rocks with suitable composition.
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ANAIYTICAL RESUIIS

Introduction

In the study of metamorphic rocks two important assumptions are
usually made. The first is that equilibrium was reached or closely
approached during the recrystallization of the rock; the second is
that the phases present in any metamorphic rock,as well as their

.compositions,represent the maximum temperature that the rock reached.
The latter assumption had to be made due to the difficulty of
obtaining analytical data on grain homogeneity and compositional
variations of a phase at different points in a rock. With the avail-
ability of the electron microprobe to petrologists 1t is now possible
to test the second assumption. The first assumption is more difficult
to test directly, especially in light of the data obtained in testing
the second assumption; however, the consistency of certain types of
data suggests equilibrium was attained or closely approached during
the metamorphism of most rocks of the Kwoiek Area.

In this part, the following points will be made:

(l) The garnets of the Kwolek Area are zoned.

(2) Tne zoning patterns of the garnets follow a model, called the
Rayleigh depletion model, of removal of the material in the garnet
from the system during growth of the garnet.

(3) Comparison of the observed garnet zoning and Rayleigh model
zoning leads to an interpretation of the garnet's thermal history.

(M) Many of the rocks of the Kwoiek Area continued to recrystallize

with continued growth of garnet during the decreasing
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temperature stage of metamorphism.

(5) The recrystallization during decreasing temperatures makes
the determination of meaningful distribution functions very difficult.

(6) The horizon within a garnet that grew at maximum temperature is
preserved, can be identified, and its composition can be related to
temperature.

(7) Total analyses of five garnets suggest little ferric iron is
contgiined in the garnets of the Kwoiek Ares.

(8) Biotite in a thin section tends to have nearly the same Mg/Fe
ratio along planes parallel to foliation or microbedding, but can
vary in a direction normal to the microlayering.

(9) Variation of the Mg/Fe ratio in biotite in single thin sections
probably means there were smaller areas of equilibrium at the end of
the retrograde phase of metamorphism than at the maximum temperature
of metamorphism.

(10) Individual biotite and chlorite grains are homogeneous except
for the occurrence of chlorite as interlayers in the biotite.

(ll) The biotite-chlorite Mg/Fe distribution function is nearly con-
stant, 0.85, for all grades of metamorphism.

(12) The Mg/Fe ratio in biotite and chlorite generally increases with
metamorphic grade.

(13) The staurolite of the Kwoiek Area i1s zoned.

(14) Study of the zoning and present assemblages leads to the conclu-

sion that the staurolite grew by either of two groups of reactions:
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1. chl + musCe—e gar + stl + bio
2. chl + bio + Al;Oz=sgar + stl + Dbio
or
1. chl + musc =——wgar *+ stl + bio

3. musc —=»gar + stl + bio

(15) Several total analyses in different parts of a staurolite
grain, coupled with the Al zoning pattern of the garnet, suggest a
net reduction of Fe between reactions 1 and 2 and between 1 and 3.

(16) Profiles of individual staurolite grains indicate that the
Mg/Fe ratio decreases with increasing temperature rather than
increasing as it does for garnet, biotite, and chlorite.

(17) Andalusite formed in the Kwoiek Area as a metastable phase.

The data in this chapter are given in terms of counts per second
unless otherwise indicated. The counting rates have been corrected
for background only where indicated. For comparative purposes; back-
ground-corrected counting rates have been normalized to a given day
of work, May 31, 1965. These data are so noted; otherwise, only the
date on which the data was obtained is indicated. Conversion factors
to May 31, as well as some background readings, are given in the
Appendix. Also given in the Appendix are the analytical techniques
and standard curves for converting the counting rate of an element
into weight percent. A list of the assemblages of the rocks discussed
is also given in the Appengix, and the locations of these samples are

shown in Fig. 1.
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Garnet

General statement.

Garnet 1s the best understood and, excluding biotite, is the

_ most abundant metamorphic mineral in the Kwoiek Area. Because of

its abundance, marked zoning patterns, and presence over a wide
temperature range in several apparently invariant assémblages, garnet
was subjected to the most intense study in this work.

Two to five garnets were analyzed for Mn, Fe, and Mg in each of
twenty-six thin sections containing garnet in several assemblages and
from several grades of metamorphism. Seven of the twenty-six samples
were analyzed for Ca and Ti, and five were analyzed for Si and Al.
Eleven profiles with analyses at 10 micron intervals are shown in
Figs. 9-15. These profiles will be referred to throughout the
remainder of the text to illustrate wvarious points. The profiles of
Figs. 9, 10, and 15c are special cases; all the other profiles from
the Kwoiek Area are similar to Figs. 11-14, 15a, 15b, 154, and 15f.

In most cases the shape of the Mn curve across a garnet resembles
a bell. Mg and Fe behave in a reciprocal fashion to the Mn curve.
Where the change of Mn with respect to radius is the greatest, the
change of Fe and Mg (with opposite sign) is also the greatest.

At the very edge of the garnet Mg, Fe, and Mn do Very interesting
things. Mn in most garnet grains has a very slight upturn (Figs. 6,
15a-15c), but this upturn can be apparently absent (Fig. 154) or merely
suggestive (Fig. 15f). As the interval between measurements was 10

microns, the apparent absence of an upturn does not necessarily mean
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Mn, Fe, Mg, Ca, Al, Si, and Ti profiles across garnet
of samples 350A (Fig. 15a), 350B (Fig. 15b), 350C
(Fig. 15c¢), 350D (Fig. 15d), and 350F (Fig. 15f).
Dates of data: 350A, B, C, and D, May 31, 1965 for
Mn, Fe, Mg, and Ca, and Jan. 21, 1966 for Ti, Si, and
Al; 350F, Aug. 27, 1965 for Mn, Fe, and Mg, Sept. 6,
1965 for Ca, and Jan. 21, 1966 for Ti, Si, and Al.
See Appendix for backgrounds, normalization factors,
and calibration curves. Letters refer to location of

analyses in Table 11.
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there 1s no upturn as the upturn might take place in the outer few
microns. This is probably the case in Fig. 15f. The garnet of Fig.
15d was not as euhedral as the others so that the absence of tﬁe up-
turn might be due to partial resorption of the garnet. It should be
noted that most of the garnets of the Kwoiek Area show good crystal
faces, but some are nearly spherical and others are anhedral. The
garnet of Fig. 9 was anhedral and that of Fig. 10 was subhedral.

Fe also shows an edge effect. Although Fe generally increases
steadily towards the garnet edge, its rate of increase with respect
to garnet radius goes up very sharply, in many cases, in the outer
10 microns. This effect i1s seen in Figs. 10 and 15b.

The change in slope of the Mg curve in the outer 10 to 100
microns of all examples except Fig. 12 is striking, and, as will be
shown subsequently, is the most significant. In most cases Mg
reaches a maximum near, but not at, the garnet edge and then drops
off steeply towards the edge with the slope increasing sharply in
the outer 10 microns. This pattern of Mg zoning is present in most
of the garnets of the Kwoiek Area.

The Ca zoning of the 350 rocks 1s not monotonic with respect to
radius. In Fig. 15a, Ca has a high value at the garnet center,
decreases for about 100 microns, reverses and increases the next 100
microns, reaches a maximum, drops, reaches another maximum, and drops
slightly at the edge. Figure 15T shows a similar Ca profile. The
other Ca profiles of Fig. 15 appear simpler, but this may be because

the profiles did not pass as near the garnet centers as those of
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Figs. 15a and 15f. The Ca profile of a garnet from a garnet-
hornblende rock (sample 350E) was similar to that of Fig. 15f. On
the other hand, a profile from a gar - bio - chl - musc assemblage
(sample lO) showed a bell-like pattern, high at the center and a
factor of 15 lower at the edge.

Si is constant in the five Si profiles; but Al and Ti, although
nearly constant, show significant variation. In Fig. 15a, about 300
microns from the left edge, there is an outward increase in Ti at
about the same place as a small outward increase in Al. There is no
symmetrical effect on the right side. In Fig. 154, there is a defi-
nite, symmetric change of Ti. The Al change is not as clear although
the average Al content is higher in the outer zone than in the central
zone. Figure 15f shows a small change in Al content about 200 micfons
from the left side and about 250 microns from the right side. The
small changes in Ti and AL might not be noticed except that they cor-
respond to features observed in profiles of coexistent staurolite. An

interpretation of these features is given on page 1L9ff.

Rayleigh fractionation in garnet.

The almost ubiquitous shape of the Mn, Fe, and Mg curves in
different assemblages in different grades of metamorphism in the Kwoiek
Area suggests there must be a single explanation for the shape of the
curves. The existence of any zoning ils somewhat unexpected in metamor-
phic rocks. The garnets are not in equilibrium with themselves, as

complete chemical equilibrium requires that a phase be homogeneous.
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Since the internal layers of the garnet are not in equilibrium
with themselves, they cannot be in equilibrium with the rock external
to the garnets. In fact, only the infinitessimally thin outer layer
of the garnet can possibly be in equilibrium with the rest of the
rock. In the calculations that follow, equilibrium of the outermost
layer of the garnet with the rest of the rock will be assumed. The
results of the calculations will lend credence to this assumption. A
consequence of the lack of internal equilibrium in a growing garnet
is that the effective composition of the equilibrium system is con-
stantly changing away from the garnet composition. This fact is
useful for the determination of which of several possible metamorphic
reactions can occur.

The removal of a phase from a system as it forms was treated by
Rayleigh (1902) for the case of a liquid condensing from a multi-
component vapor, with the liquid being completely removed from the
system as it condensed. Neumann, et al. (195L4) and McIntire (1963)
used the Rayleigh depletion model in considering the theoretical dis-
tribution of trace elements in crystals crystallizing from a magma as
well as the concentration of trace elements in the magma during cry-
stallization. Taylor and Epstein (1962) used the Rayleigh approach
in considering the change of oxygen isotope ratios in crystals and
melt during fractional crystallization of a magma. Mazor and
Wasserburg (1965) used the Rayleigh approach in describing inert gas

contents in thermal springs.
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Using the basic method of Rayleigh (1902), the following is a
derivation of the formula used for the present work, which gives the
weight percent of an element at the garnet edge as a function of the
weight of garnet crystallized from the rock.

The terms used are:

MG = weight fraction of element in garnet edge

WR = weight of element 1n rock external to crystallized

M
garnet.

WR = weight of rock external to garnet

MR = weilght fraction of element in rock excluding that in
garnet.

A = fractionation factor, MG/MR

WO = initial weight of rock, prior to garnet crystallization
0 s : . :
WM = initial weight of element in rock, prior to garnet
crystallization
MO = initial weight fraction of element in rock, prior to
garnet crystallization
G

W~ = total weight of crystallized garnet
&
(1) Mg =

Equation (1) is a statement of the assumption of removal of garnet from

the rock as the garnet crystallizes.

SR

Equation (2) is an expression of chemicgal equilibrium, which is assumed.
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Combining (l) and. (2) and rearranging gives

dWR dﬁﬁ

(3) Ag™ = —=
Wp WR
M

Integration, assuming A a constant, gives

W
(&) Aln R/Wo = lnﬁM
0
M
and
W M. W
(5) )\1n-—§ = In Ré{
W MW
0
W M W
(6) klnu—oli = 1nM—R +1n—§
W 0 W
W
LT mﬁ——lj = (}L—l)ln—-OB
0 W
A=1
(8) Mg (Yb}
¥, Ny
Using (2) and,
_ .0 G
(9) We = W W
The final equation is
!
(10) M, = AMO(l-;Cj)

Equation (lO) gives the weight fraction of an element at the edge of a

garnet in terms of MO, the weight fraction of that element in the rock

as a whole (including all that is in the crystallized garnet); WG} the

welght of the crystallized garnet; WO, the weight of the original sys-

tem; and A, the fractionation factor.
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Equation (10) says nothing about where in the structure of
garnet the element goes, nor does it say anything about the effects
of other elements on that element. In fact, equation (lO) assumes
that the garnet could fill its eight-fold or R"® position enﬂirely
with one element, such as Mn, even if Mg, Ca, and Fe are avallsble.
This is obviously erroneous because, if Mg, Ca, and Fe are available

in the rock, some will always go into the e position of the garnet.

Application of Rayleigh depletion model to specimen 350B

A first test of equation (lO) was made on a garnet from specimen
350B (Fig. 16) collected about 0.3L4 miles east of Kwoiek Needle.
Before dealing further with Fig. 16, the similarity of Fig. 16 and Fig.
15b should be noted. The two profiles are from across different gar-
nets but from the same rock. The positions of the two garnets on a
sketch of the thin section is shown in Fig. 38.

The mode of 350B, based on 1000 point counts, is as follows:

garnet ol
biotite 29.6

Lo.
chlorite 4.3 2
staurolite 2.5
ilmenite 1.0

5955
graphite 2.8

quartz and plagioclase 55

total 100.0
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Since the mode is in volume percent and the calculations are based on
welght percent, a small error is introduced in the calculations . The
fact that all the calculations are based on counting rates without
matrix correction compensates in part for this error since the differ-
ence in counting rates between two minerals with the same weight
percent of an element is roughly inversely proportional to the differ~
ence in density.

We shall assume in the calculations that W°, the weight of the
system, is the sum of the volume percentages of the minerals that
exchange Fe and Mg with the garnet. Mg is, then, the weight fraction
of the element in the ferromagnesian minerals and not the rock as a
whole. The ferromagnesian minerals are taken as biotite, chlorite,
garnet, and staurolite. ITlmenite 1s neglected because of its small
amount in all the rocks and because its small grain size makes its
analysis difficult.

In sclving equation (lO), A, Mo, and W° must be evaluated. Mo,
which is the average weight percent of an element in all the ferro-
magnesian minersls, was evaluated by determining the average content
of each element in each mineral and weighting these numbers by the
relative proportions of the minerals in the rock. The average content
of the elements in garnet had to be determined by graphical integration
over the garnét as a sphere. These numbers are prcbably in error more
than those of bilotite and chlorite because the integration was performed
on only one garnet of specimen 350B whose composition was assumed to be

the average of all the garnets. This assumptlon is not entirely
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correct because the garnets vary in size and, although the edge

compositions are similar, the center compositions are different

indicating either (1) the garnets began to grow at different stages

in the metamorphism or (2) not all garnets equilibrated with the

same size and composition rock system at the initiation of crystal-

lization.

The "constant"” A was evaluated by solving equation (10) for

both the center of the garnet and near the edge of the garnet where

the Mg counts are the highest. In the center WG/WO = 0 so

A= MG/MO’ where M

G

and M, as indicated above.

0

is the counts of element measured in the center

At the garnet edge A was evaluated by

taking WG/WO = h-l/hO-E (the garnet/sum of ferromagnesian minerals

volume ratio) and MG the counts at the edge. The numbers used for

each element and the evaluated A's are given in Table 8.

Table 8

Numbers Used in Calculations on Garnet 350B

May 12 Data, Background Corrected

Center bdge
Mn Fe Mg Mn Fe Mg
My 83.6 398 416 83.6 398 416
Mg 1885 697 97 226 TT2 137
A 22.6 1.75 L33 93 .8 a,1 .299

Figures 17 and 18 show

the solution of equation (10) for Mn and

Fe and Mg, using the center A's, compared with the measured values for
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the left half of the garnet traverse of Fig. 16.

The similarity of the two Mn curves is remarkable and is indi~
cative that the assumptions made above, at least for Mn, are
probably valid. The most important of these assumptions included in
the basic Rayleigh equation i1s that as the garnet crystalliz ed its
composition was removed from +the system. Rayleigh's depletion model
must then be the major reason for the fact that the garnet in specimen
350B and, by inference, the reason most garnet of the Kwoiek Area is
strongly zoned.

The slight divergence of the calculated and measured curves in
the vicinity of 150 microns from the garnet center can be explained
by the probability that the microprobe traverse did not pass through
the center of the garnet because the measurement was made on a garnet
in a thin section. A profile which does not pass through the garnet
center is broader near the center of the profile than one through the
garnet's center. This is to be expected as each spherical zone is
approximated more and more by a tangent as the traverse is made further
from the garnet center.

If the garnet had continued to grow, the Mn content would be
expected to follow the calculated curve where 1t has been calculated
beyond the existing garnet's edge. Garnets have been found, with very
small edge contents of Mn, which show Mn profiles similar to the cal-
culated curve of Fig. 1T7. Figures 11 and 12 are two such examples.
(Note: Background for Figs. 11 and 12 is about 40 c.p.s., bringing the

Mn content very near zero.)
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The fact that the Mg and Fe calculated curves diverge from the
measured curves (Fig. 18) is not surprising when we consider that Mg,
Fe, and Mn enter the same site in the garnet, and that XMn is much
greater than AFe or %Mg' Although there are Rayleigh effects on Mg
and Fe, they are small relative to that on Mn. Thus, to a first
approximation, Mn in the garnet is dependent on the Rayleigh effect;
and, as Mn decreases, Mg and Fe must increase to maintain abomic
balance in the garnet structure.

The calculated Mg/Fb ratio more closely approximates the cbserved
Mg/Fe ratio. Figure 19 shows the measured Mg/Fe ratio curve as a
function of radius compared with two calculated Mg/Fe'ratio curves.
One, labeled K; = 0.138, was calculated using XMg and KFe evaluated atv
the garnet center, and the other, K; = 0.148, was evaluated near the
garnet edge. Although the calculated and measured curves are similar‘
in shape and magnitude, the differences are sufficient to call for an
explanation. We shall deal first with those parts of the curves from
the garnet center to about 4O microns from the edge.

As the distribution function, Kb, can be defined as
(Mg/Fe)A/(Mg/Fe)B, where A and B are two coexisting mineral phases,
and wlll generally approach one with increasing temperature (Albee,
1965a, page 276), one might surmise that the differences between cal-
culated and experimental curves from the garnet center to 40 microns
from the garnet edge are due to rising temperature during garnet growth..
However, K; is not the distribution function between garnet and some

6ther coexisting phase but rather between garnet and all the other
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-x‘ L3 .
ferromagnesian minerals in the rock (Kb 1s calculated using counting
rate ratios which are a function of the atomic ratios). Therefore,
.X.
KD will vary with changing proportions of minerals during garnet
growth.
The magnitude and direction of the mineral proportion dependence

*
on Kb 1s indicated in the following equation:

R B g C | S

(11) K; - lMg _ KMg Xﬁ d &Mg XC F &Mg XS
R B c S

RFe kFe XB o XFe XC * kFe XS

where KR is the fractionation factor between garnet and rest of rock;
XB, KC, ks are the fractionation factors between garnet and biotite,
chlorite,and staurclite, respectively; and XB, XC, XS are the weight
fractions of biotite, chlorite, and staurolite, respectively, in the
rock exclusive of garnet. The mineral fractiocnation factors are
equilibrium fractionation factors at any stage of garnet growth and
are assumed at this stage of the calculations to be constant during
' garnet growth.

Equation (ll) can be simplified by the observation that stauro-
lite of the Kwoilek Area is zoned but biotite and chlorite are not
zoned. Thus, the fraction of staurolite, XS, in equilibrium with the

assemblage at any stage of garnet growth is infinitessimally small,
Vg

and equation (11) reduces to:
B G

R
+

6
KFe KFe XB i KFe XC
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The present rock has XB = .873 and XC = .,127. As we want to avoid for

now the outer 40 microns, we shall pick XB = .8 and XC = .2 as values
not too far from what would be expected at a stage 40 microns from the
edge of the garnet.

The mineral fractionation factors are more difficult to evaluate.

The fractionation factors at the outer edge of the garnet are:

B
= 0.30
Mig 3
B _
KFe = 2.16
N = 0.2
g
c _
xFe = 1.83
Usin 5 as .32 G s .22, A B Bsls; X : Tef) 8
g &Mg R %Mg ks e TRk Fe 25 =% Xﬁ G
*
and XC as .2 in equation (12), KD equals 0.147, close to the calcul~

ated value of 0.148. The increase of the Mg mineral fractionation
~factor and the decrease of the Fe fractionation factor was made bécause,
as will be discussed later, the edge of the garnet probably grew at a
lower temperature than that part 40 microns from the edge; hence,

the fractionation factors in from the edge should be closer to one than
at the edge. The numbers were picked in such a way as to get a K; close
to 0.148 in order to see what change of mineral proportions, keeping

the mineral fractionation factors constant, is necessary to get a Kg

close to 0.133 for the garnet center. A value of XB = .3
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*
and XC = .7 will give a Kb of 0.132, close to 0.133. Hence, by
.X.
increasing XB from 0.3 to 0.8, the differences between the KD

calculated and K; measured curves can be accounted for, keeping
the mineral fractionation factors constant. Therefore, either a
change in proportions of minerals in the matrix or a temperature
change could account for the difference in Fig. 19.

t 1s not unreasonable to expect the biotite/chlorite ratio
to increase during garnet growth. In Fig. 20 the three-phase field
bic - chl - gar is plotted on the Thompson Projection. Since the
garnet is zoned, only the outermost rim of the garnet is in equili-
brium with the biotite and chlorite; but the biotite and chlorite
are homogeneous. Therefore, the composition of the effective system
will lie on the chlorite-biotite join. As the garnet contilnues to
grow, 1t will continue to be zoned, and the effective composition of
the system will move along line a - a' as the garnet composition is
removed from the system. At some later stage of garnet growth the
three-phase field gar - chl - bio will have moved to g' - ¢' - b' and

the biotite/chlorite ratio will have increased. The equation for this

reaction must be of the form:

a musc + b chl; + ¢ biog==ed gar + e musc + £ chl, + g bios

where a > e, b > f, ¢ <g, and ¢/b < g/f. Also, Mg/Fe of bios and
chly; will be greater than the Mg/Fe ratio of bioj; and chl;, respec-
tively.

The above calculation would be further complicated in assemblages
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b, Db
Biotite

Fig. 20. Thompson projection, showing effect of the growth of zoned
garnet on the biotite/chlorite ratio in the assemblage

musc - gar - bio - chl; see text.
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containing muscovite. Table 9 shows the mode of a rock collected

very close to isograd 2 (Fig. L) with a lower'biotite/chlorite

ratioc than that of 350B and a large amount of muscovite. Since the

Table 9

Mode of Specimen 272, 500 Counts

garnet 26.4
biotite 126
chlorite 16.2
white mica 23.2
ilmenite 3.0
epidote 0.2
graphite el

quartz and
plagioclase 37.6

inferred reaction at garnet nucleation involves muscovite as a
reactant (see reaction (2), Part IIL, low-Ca rocks) and the muscovite
is homogeneous and contailns significant amounts of Mg and Fe, the K;
at garnet nucleation must be affected by the presence of muscovite.
The effect of the earlier chlorite + muscovite reaction on the garnet
zoning pattern must be listed as one of the uncertainties in the anal-

ysis of the garnet zoning.

R
Fe

be evaluated. This assumption is obviously not completely correct

R R
The assumption that &Mg’ A, and NMn are constants must also

because kMg and XFS are individually dependent on the biotite/

R
chlorite ratio as is &Mn' Another, possibly independent,
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compositional factor is the effect of variation behlon&M: and kFg’
Mg on kME and KFS, and Fe on AM: and KMS. Figures 21, 22, and 23
show biotite and chlorite compositions plotted against the composition
of the garnet edge for five rocks of the same assemblage, including
350B, collected within 100 feet of one another. Although there is
deviation in the data due to the variation of biotite composition
from point to point in a rock and the difficulty of accurate analysis
of the garnet edges, seversl distinct trends appear. A straight line
can be drawn through the Mn data and the origin indicating that Aﬁio
and A&El are not affected by relative amounts of Mg and Fe. However,
the Mg and Fe data do not lie on a line through the origin, indicating
that LMg and KFe are dependent on Mn content in the rock. Reference
lines for constant EMg and KFe are shown on Figs. 22 and 23.

Figures 22 and 23 show that both A and %Mg for biotite and

Fe
chlorite Increase with decreasing Mn in the garnet; therefore, KFe

and ng increase with decreasing Mn in garnet. However, the lower the
Mn content at the garnet edge, the lower the biotite/chlorite ratio in
the rock and the lower AFS’ so that the two effects, biotite/chlorite
ratio and Mn content, work against one another.

It can be concluded from the Mg/Fe ratio data that the zoning from
the garnet center to the 40 micron horizon could have taken place at
nearly constant temperature. The crossing of constant K; lines,
although in the direction expected for increasing temperature from

garnet center outwards, can be best explained in terms of changing

biotite/chlorite ratio. Although the zoning can be explained for the
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Plot of edge content of Mn in garnet of 350 series
rocks against average Mn content of coexisting

chlorite (top scale) and biotite (bottom scale).

Plot of edge content of Fe in garnet of 350 series
rocks against average Fe content of coexisting
chlorite and biotite. Lines of constant

Fegar/Fechl and Fegar/Febio ratios are indicated.

Plot of edge content of Mg in garnet of 350 series
rocks against average Mg content of coexisting
chlorite and biotite. Lines of constant

Mggar/Mgchl and Mggar/Mgbio ratios are indicated.
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case of constant temperature, it is, however, unreasonable to think
that temperature did not increase because there must have been a
driving force, quite likely rising temperaturé, which kept the garnet-
making reaction going.

The evidence from the Mn experimental and calculated profiles
indicates slightly increasing temperatures to about 40 microns from
the edge. This is based on the fact that the calculated %ME for the

center and for 40 microns from the edge are nearly the same. Since

bio <ol
0 >

%Mn o an

the garnet, and, therefore, KME must increase with increasing'biotite/

at the edge, the same relation must hold for within

chlorite ratio. The fact that %Mi at the center and 40 microns from
the edge is nearly the same indicates that an increase of temperature,
which would drive %MS towards one, must have counterbalanced the
effect of changing biotite/chlorite ratio.

The zoning in the outer 40 microns of garnet 350B is striking
since both the Mg/Fe ratio curves (Fig. 19) and Mn curves (Fig. 16)
show a reversal in sign of slope about 40 microns from the edge. If
it is assumed the outer zoning effects were incorporated during garnet
.growth and are not the result of inward diffusion during a late stage
of reequilibration of the garnet with its surroundings, 1t must be
concluded that the garnet grew under conditions of decreasing tempera-
ture. A growing garnet, even during decreasing temperature, requires
an increase of the biotite/chlorite ratio and, therefore, as pointed
out above, an increase of K;- However, the Mg/Fe zoning pattern

%
crosses decreasing Kb curves outward from the garnet center (Fig- 19)



o
This, then, implies that another variable besides the‘biotite/
chlorite ratio is working to decrease K; in such a way as to over-
compensate for the biotite/chlorite ratio effect on Kg. Temperature
is probably the other variable as decreasing temperature would
drive K; away from one which in this case means a smaller number.

On the other hand, the upturn of Mn at the garnet edge implies
an increase of %Mi from about 23 to about 55 which is in the direc-
tion of lower temperature, away from one. This is also the same
direction expected for an increase of biotite/chlorite ratio, and
the two effects must be added together to give the large increase
in AMn'

The incorporation of the zoning effects in the outer LO microns
is believed to have occurred during growth of the garnet. The zoning
effects could conceivably be due to the reequilibration of the outer
garnet layer with the rest of the rock during decreasing temperature
but without garnet growth. This mechanism implies diffusion of Mn
into the garnet and Mg out of the garnet. If Mn diffused, a discon-
tinuous intersection of the diffusion profile and the original Rayleigh
profile might be expected. The intersection should be discontinuous
because abrupt changes of slope of Mn profiles are seen in many garnets
indicating that self diffusion of Mn in the garnets, a mechanism which
would tend to homogenize the garnet, is negligible (Fig. 9). In garnet
350B one could argue that there is a discontinuous intersection of
profiles; however, in Figs. 13 and 1L are shown garnet profiles in

which the Mn upturn takes place over 100 microns rather than 10 microns
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and shows no evidence of a discontinuous intersection of two types of
profiles.

A plausibility argument suggesting growth of garnet, rather than
Just reequilibration of garnet edge, during decreasing temperature is
that when the temperature begins to decline a garnet 1s already
nucleated; and, because the reaction making garnet is still a dehydra-
tion reaction, the garnet would be expected to continue to grow. The
driving force of the reaction may be a decrease in HHEO with falling
temperature.

Regardless of whether garnet grew during decreasing temperature
or simply had its edge reequilibrated with its surroundings during
decreasing temperature, an important point is that there was reequilibra-
tion and exchange of elements between minerals during decreasing
temperature. This fact indicates that in the Kwoiek Area the composi-
tions of the mineral phases representing the last temperature of
equilibrium do not represent the maximum temperature of metamorphism.

The probable model for the thermal history of garnet 350B is as
follows. The garnet grew under conditions of either constant or
slightly increasing temperature to a point about 40 microns from the
edge. At this point temperature began to drop rapidly with respect to
rate of garnet growth and the garnet stopped growing at some indeter-
minate point during the temperature decline. The horizon in the garnet
representing the stage of growth during the maximum temperature of
metamorphism 1s probably very near, but somewhat to the garnet center,

from the point where the experimental curve just begins to cross
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¥
decreasing Kb curves, near radius = 280 microns, Fig. 19.

Discussion of specimens 3504, 350B, 350C, 350D, and 350F

The validity of the interpretation of the maximum temperature
horizon of the garnet in sample 350B can be tested by the study of
other garnets formed under identical conditions. Four other samplés,
which contain the same assemblage but different mineral proportions
and which were collected within 100 feet of sample 350B, have been
studied. The modes of these four rocks are shown in Tagble 10
together with the mode of 350B. The assemblage 1s gar - bio - stl
- chl - 1lm - gtz - plag - graph except that 350C contains as adai-
tional phases a white mica shimmer-aggregate surrounding the
staurolite (this texture has been discussed in Part III) and one
large grain of kyanite. The kyanite occurs as partially resorbed
grains within an area with a square outline interpreted beloﬁ as
indicating the former presence of andalusite. The kyanite grains
are surrounded by a plagiloclase-blotite aggregate, which effectively
armors the kyanite from the rest of the thin section. Hence, it is
interpreted that the garnet belongs to a gar - bio - chl - stl
assemblage and not a kyanite assemblage.

The four-phase assemblage, gar - bio - chl - stl, is shown on
the Al;0s - KoO - FeO - MgO tetrahedron (Fig. 24). In terms of the
diagram the assemblage i1s trivariant in P, T, and aHao; but since
the Fé/Mg ratio in the phases is also dependent on Mn content (to be
shown below for garnet), the Mn content of some phase must also be

taken as a variable. Thus, the Fe/Mg ratio in the maximum temperature
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Table 10
Modes of Five Rocks Collected from

the Same Outcrop .34 Miles East of Kwoiek Needle

350A 350B 350C 350D 350F
Carnet . 1.0 b1 0.1 2.8 1.k
Biotite 26.8 29.6 34.1 27.1 23.8
Staurolite 6.3 2.5 k.5 5.0 8.2
Chlorite 0.8 L.3 0.3 L. 0.6
Ilmenite 0.6 1.0 1.2 1.0 0.8
Kyanite - - 0.8 - -
White mica - - 143 - -
Subtotal 35.5 1.5 k2.3 40.3 34.8

Numbers in volume percent. Plagioclase, quartz, and
graphite, in undetermined relative amounts, make up
the rest of each rock.
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Staurolite

Garnet

(FeO)

(K,0)

Fig. 2h. AKFM tetrahedron indicating the location of the four-phase

volume gar - bio - chl - stl and showing that the garnet

composition in this assemblage is a limiting composition.
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horizons of the garnet should be nearly the same for all rocks of
this same assemblage from a single outcrop 1f they have identical
Mn contents. The garnet composition at maximum temperature is a
limiting composition for a given Mn content and in the discussion
below will be referred to as the maximum temperature, limiting
Mg/Fe ratio.

The garnet profiles for all five rocks are shown in Figs. 15a-
15f. The maximum temperature horizon for garnet 350B was determined
by use of a plot of Mg/Fe garnet against radius (see Fig. 19). Ik
could as well have been determined by use of a plot of Mg/Fe garnet
against Mn content (Fig. 25) as Mn content is a function of radius.
This type of plot was used to determine the maximum temperature
horizon of the garnet from samples 350A, C, D, and F.

Analyses of spots averaging about 50 microns apart for all garnet
of the 350 series rocks, background corrected, and normalized to the
May 31, 1965 date, are plotted in Figs. 26 and 27. The edge composi-
tions are labeled e. Envelopes have been drawn around the garnet
data of each of the five samples, and these envelopes are shown super-
imposed in Fig. 28 with the inferred limiting composition, maximum
temperature compositions indicated by large circles. Visually fitted
curves are drawn through these points as well as through the edge
compositions. Although there is some uncertainty for the location of

vthe edge and maximum temperature compositions (especially for 350D),
there is clearly an inverse relation of Mn to the Mg/Fe ratio for both

. the compositions at the edge and at the maximum temperature horizon.
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Fig. 25. Plot of Mn in garnet 350B (Fig. 16) against Mg/Fe

ratio, compared with calculated curves for
Kg = 0.133 and 0.1L48.
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Fig. 26. Plot of Mn VS. Mg/Fe for several garnet grains of

samples 350B and 350D. Edge compoéitions marked by e.

Fig. 27. Plot of Mn vs. Mg/Fe for several garnet grains of
samples 350A, 350C, and 350F. Edge compositions

marked by e.

Fig. 28. TFigs. 26 and 27 superimposed with envelopes drawn
around points of each sample. Large circles
represent compositions inferred to represent the
maximum temperature. Solid line, visually fitted to
large circles, shows dependence of Mg/Fe ratio on Mn
content. Dashed line shows dependence of Mg/Fe ratio

on Mn content for the edge compositions.
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Albee (l965b) also pointed out this relation based on atom perceﬁt
Mh/Mn+Mg+Fe and atom percent Mg/Mg+Fe in the chemically analyzed
garnets from muscovite assemblages studied by Phinney (1963).

In order to more directly compare the study of Albee (1965b) with
the results of the present study, total chemical analyses were made
near the maximum temperature horizons of the 350 series rocks at the
points marked A, B, C, D, and F on Fig. 15. The results are shown in
Table 11 and are plotted with Phinney's data in Fig. 29. The slope
is similar, and it is interesting that the best fit line of the pre-
sent data passes very near the garnet data of Frost (1962) for a
muscovite-free, gar - bio - stl assemblage. The lines through the
present data and Phinney's data are at different locations because
the assemblages are different. It would be most important to deter-
mine if the dependeﬁce of the Mg/Fb garnet ratio on Mn content has
the same or different slope at much higher or lower grades than that
of Fig. 29. It 1s encouraging, however, that the published data from
chemical analyses of probably zoned garnets gives the same slope as
the microprobe analyses on correlated horizons.

The fact that the five points do lie on a reasonable line is
_ evidence that the limiting composition, maximum temperature horizon
has been identified from one outcrop area. It 1s also clear that Mn
is a variable affecting the Mg/Fé ratio and that in comparing
limiting composition, maximum temperature Mg/Fe ratios from point to
point in a metamorphic terrane, these ratios must be corrected for

the Mn content.
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Table 11

Total Analyses of Garnet from the.350 Series Rocks

A B C D F
810, 36.2 35.3 35.6 36.42 36.2
Ti02 .06 .08 .06 .09 .06
A1,0, 0.8 20.5 23.3 20.7 20.2
FeO 30.18 31.78 28.99 31.02 30.18
MO h.12 1.28 6.24 2.05 3.89
MgO 4.16 4.55 3.85 k.42 k.05
a0 2.22 2.17 2.18 2.40 2.16
Total 99. 7k 97.66 100.22 99.30 98. 74
Formulas
L (Fey 019 M8, 196 M2 79 €8 190)0.98 Alp, 05 (Sip g AL 1)5 0p
B (Fey 137 M8 51, M@ 087 €8 187)5.955 Alp o3 (Sip g AL 1)5 Opp
o (Fey 939 Y8, 1435 M0 up3 €2 187)5 gy Alp o5 (515 85 AL 153 Opp
D (Fep 078 M8 506 M8 155 €8 po6)n.06 Alp. 05 (815,914 og)3 O1p
F (Fep o, M8, 1,88 M0 o656 2, 187) 0,08 Alp.ou(Sin, g0 AL o83 %12

The analyses are in weight percent and were made at the
points marked A, B, C, D, and F on Fig. 15, near the
inferred maximum temperature horizon. Formulas calculated
on the basis of 12 oxygen atoms to a formula unit.



Fig. 29.

S5 1)

Atom percent Mn/Mn+Mg+Fe against atom percent Mg/Mg+Fe
for data discussed by Albee (l965b) and the present
work. The open circles represent analyses by Phinney
(1963) for the musc - gar - bio - stl assemblage, the
cross represents data of Frost (1962) for a gar =

bio -~ stl assemblage, and the solid circles are the
data of the present work for the chl - gar - bio =

stl assemblage.
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The approximate relative range of temperature over which the
350 rocks grew can be determined by comparing the data of Fig. 28
with those of Fig. 30. On Fig. 30, maximum temperature Mg/Fe ratios
for garnet at all grades of metamorphism above the garnet grade are
plotted against the Mn content of the maximum temperature horizon.
The data of the 350 series rocks, both edge compositions and maximum
temperature compositions, are also shown. The arrows indicate direc~-
"~ tion of increasing metamorphic grade (sample locations on Fig. 1 and
assemblages in the Appendix) between samples containing a limiting
garnet composition in the Al;03 - K50 - FeO - MgO tetrahedron. The
garnets which do have limiting compositions show a progression of
increasing Mg/Fe ratios with metamorphic grade and demonstrate that
the limiting composition is sensitive to temperature changes. Figure
30 also shows that the range of temperature in which the 350 rocks
grew was small relative to the range of temperature between the
beginning of garnet grade (lower temperature than that represented by
sample lBha) and the maximum temperature the 350 rocks grew in.

The temperature at which the 350 series garnet stopped growing
(represented by the dashed line on Fig. 30) is interpreted as beilng
lower than the temperature at nucleation. Returning to Fig. 28, it
is seen that the garnet of samples 350 A, B, D, and F nucleated at a
composition between the best-fit edge line and the maximum temperature
line. These positions between the two lines are not proportional to
differences in temperatures of nucleation but probably reflect differ-

ent biotite/chlorite ratios at nucleation. For example, the center
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composition of garnet 350C plots on the maximum temperature point
(Fig. 27). All the points around which the envelope of 350C is
drawn (Fig- 28) are actually decreasing temperature compositions.
" As the biotite/chlorite ratio was very large at the nucleation of
garnet 350C, shown below, it is probable that garnet 350C nucleated
very close to the maximum temperature.

Figure 31 shows graphically the basis for tle interpretation
that specimen 350C had a very high'biotite/chlorite ratio at garnet
nucleation. It also shows that the compositions at gafnet nuclea~-
tion of the garnet of samples 350 A, B, D, and F reflect differing
biotite/chlorite ratios at nucleation. Shown on Fig. 31 is kMﬁ
determined at the garnet centers plotted against Mno, the initial
Mn content of the ferromagnesian minerals, and Mn of the total rock,
which includes quartz and plagioclase with the ferromagnesian miner-
als. Both sets of points show the same thing. High KM? values
correspond to low Mn rock contents and also low garnet contents
(numbers in parentheses are the percentage contents of garnet in the
rocks). In other words, the more Mn in the rock, the more garnet.
More important, however, is the value of &ME in each of the rocks.
As shown in a preceeding discussion, &Mﬁ 1ls greater for larger
biotite/chlorite ratios. The sequence of higher values of &Mﬁ’ B to
D to F to A to C, corresponds in a general way to increasing Mg/Eb
ratio of garnet nucleation in Fig..28. The conclusion, then, is that
all points of the garnet from each rock sample grew from center to

maximum temperature horizon in a temperature range much smaller than
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that between the maximum temperature and the temperature at which the
garnet stopped growing. It is remarkable that the edge compositions
do define a reasonable line (Fig. 28) because this implies that the
garnet stopped growing at the same temperature.

The lack of zoning in garnet 350C, except at the edge, where Mn
increases, can be understood by reference to equation (lO). If the
term WG/WO is small throughout the garnet gfowth higtory, l.e., if
the relative proportion of garnet to the total of all the ferromag-
nesian minerals of the system is small even when the garnet has
ceased to crystallize, then the term (1 - WG/WO)X-l is close to one
even when the garnet has finished growing and MG-= ARMO for both
garnet center and garnet edge. The only variable affecting the
zoning will Dbe AMS which, for only a small amount of garnet growth,
will be constant as the biotite/chlorite ratio will not have changed
appreciably. The increase of Mn at the edge is, of course, due to
the increase of &Mg during the temperature decrease.

Another mechanism could lead to an apparently unzoned garnet.

If Mno is extremely small in a rock, the initial Mn content in the
garnet might be so small that even extreme zoning would not be
analytically detectable. TFor example, the Mn in the garnet may change
by the same proportion of the initial value as it did for garnet 3503B,
but an initial value of 20 c.p.s. going to 2 c.p.s. at the edge would
be less striking than an initial value of 2000 c.p.s. going to 200
c.p.s., if only because of analytical problems. Moreover, a change

from 20 c.p.s. to 2 c.p.s. wWill not produce detectable zoning in Fe
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| and Mg.

The microprobe garnet analyses in Table 11, except for 350B,
give very good totals assuming that all iron 1s present as ferrous
iron. The formulas, calculated on the basis of 12 oxygen atoms, are
also reasonable and indicate little ferric iron can be present. This
is in conformity with the concept of very low oxygen pressures during
metamorphism (Part V). The aluminum content shown in the silica site
of the formulas (Table ll) probably indicates errors in some of the

calibration curves (Appendix).

Two-history garnet

A1l the garnets discussed so far have been interpreted to have
had a single stage metamorphic history: The rocks were heated rapidly
to thelr maximum temperature and then slowly cooled with no subsequent
heating history. This simple history apparently did not hold for all
the garnets of the Kwoilek Area. The field evidence, discussed in
Part III, suggests that the major heat source for the metamorphism
was the intrusion of the Southern Batholith. The thermal effects of
the stocks were minor compared to that of the Southern Batholithj;
however, the effects of the stocks are evidenced, for example, by the
relations of thg high-Ca isograds to Granite Mountain Stock (Fig. b).
The effects of the stocks are also noticed in garnet collected close
to stock contacts, but within the realm of influence of the Southern
Batholith, notably around Skihist Mountain Stock and Kwoiek Needle

Stock.
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A photomicrograph of specimen 188C, from near Skihist Mountain
Stock, is shown in Plate 2. The photomicrograph shows overgrowths
of anhedral garnet (Gg) on euhedral garnet (G1). The composition
profiles of a garnet from this rock are shown in Fig. 9. The
striking feature of the profile is the double peak of Mn. The points
where the profile crosses the euhedral garnet outline are marked on
Fig. 9 as points 1 and 2, near the top of the outer Mn peak.

It is inferred that the garnet grew euhedrally under the influ-
ence of the Southern Batholith and not the adjacent stock. This part
- of the profile is analogous to the whole profile of Fig. 13, with a
large Mn edge upturn due to the period of decreasing temperature.The
stock is then inferred to have intruded later than the batholith and
reheated specimen 188C so that the garnet continued to grbw to its
anhedral form at a new high temperature level, and the Mn content
again decreased toward the garnet edge. If the profilé, left of
point 1 and right of point 2, were combined, the resulting one-peak
profile would be like other typical Rayleigh profiles.

Specimen 188C is the best example of a two-history garnet found
in the Kwoiek Area but is not the only one. All the gafnet collected
from near stock contacts showed a ring of tiny inclusions, paralleling
the present garﬁet outliné, located some tens of microns in from the
garnet edge. Specimen 382 (Fig. ll) is such a garnet. Here the Mn
profile does not show the same effects as that of 188C but the Fe pro-
file does show effects different from the single-history garnets.

Instead of Fe monotonically increasing to the garnet edge, 1t increases
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Plate 2. Photomicrograph of garnet in specimen 188C showing euhedral
garnet (Gl) surrounded by anhedral garnet (Gg). The profiles
of Fig. 9 were made across one of these grains. Total garnet

diameter about 1 1/2 mm.



-122~
to the zone of tiny inclusions and then drops off. This type of Fe
profile was noted in other garnet adjacent to stock contacts but was
not noted in garnet outside of the heating influence of the stécks-
It is probable that zoning profiles such as those of Fig. 9 and
Fig. 11 could be used to detect two or more stages of metamorphic
history in areas where the geologic evidence of two stages of meta-

morphic history is not as clear as it is adjacent to the stocks of

the Kwoiek Area.

Origin of five-phase assemblages

There have been numerous reports in the literature (e.g.,
Hietanen, 1961, Woodland, 1963, Green, 1963) of pelitic rocks con-
taining an extra phase in the Al;0s - K50 - FeO - MgO tetrahedron.

For example, instead of having the apparen£ equilibrium four-phase
assemblages gar - bio - stl - musc or stl - bio - chl - musc, there
might be the five-phase assemblage gar - bio - stl - chl - musc. A
very common five phase assemblage 1s bio - gar - stl - Al-silicate -
musc.

Most authors have attempted to explailn the five-phase assemblage
by one or more of the following ways. (1) The assemption of M 0
being externally controlled does not hold, (2) there is another
component, such as Mn or Ca, stabilizing the garnet, (3) the chlorite
in the assemblage is of retrograde origin, (M) the assemblage 1s a dis-
equilibrium assemblage, or (5) there are two assemblages side by side
on the scale of a thin section. The model given below to explain the _

five-phase assenblage phenomenon could best be included in the fourth
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alternative.

The garnet of the Kwoiek Area as well as those of many other
areas (Albee, et al., 1966, Evans, 1965; Banno, 1965) are now known
to be zoned. This fact indicates that only the infinitisimally-thin
outer layer of the garnet can be in equilibrium with the rest of the
rock in many areas. Since garnet zones as it grows rather than
reequilibrating with itself, one could ask how readily garnet will
react and disappear slightly outside its field of stability. It is
presumed here that garnet is so unreactive that it would not easily
be destroyed if it were taken out of equilibrium with the assemblage.

For a bulk composition of the system below the garnet-chlorite
Jjoin of Fig. 32a, prior to the replacement of the garnet-chlorite

Jjoin by the staurolite-biotite join, garnet will grow by the reaction

(1) muscovite + chlorite ——egarnet + biotite

as discussed in Fig. 20. However, due to the zoning and effective
removal from the system of garnet, the effective composition of the
system is along the bilotite-chlorite join of the gar - bio - chl field
(Fig. 32a). Hence, after the replacement of the garnet-chlorite join
by the staurolite-biotite join, the effective composition of the
system is in the stl - bilo - chl field. If the garnet were able to
react, the assemblage would be either gar - bio - stl - musc or stl -
bio - chl -~ musc, depending on the initial rock composition; however,

if garnet is unreactive the reactilon:

(2) chlorite + muscovite e staurolite + biotite



Fig. 32a.

Fig. 32b.

-12l4-
Thompson proJjection showing chl - bio - gar - musc

and chl - gar - stl - musc assemblages.

Thompson projection at a higher temperature than
that of Fig. 32a, showing relations at temperature
of breaking of garnet - chlorite tie-line to

biotite -~ staurolite tie-line.
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would take the place of reaction (l), with garnet remaining in the
assemblage as an inert phase. In this manner the five phases,
gar - bio - stl - chl - musc would appear to be in an equilibrium
assemblage but with one too many phases (Fig. 32b).

A consequence of this model is that in a region of prograde
metamorphism, the garnet-biotite distribution functions would
appear to diverge from, rather than approach, one. This would be
because the biotite would continue to become more magnesian as
reaction‘(E) progressed, but the garnet composition would remain
the same. Also, one should exercise care in the choice of garnet
for determining the limiting composition, maximum temperature Mg/Fe
ratio. If the garnet were a part of a five-phase assemblage, the
limiting composition, maximum temperature Mg/Fe ratio might not be

systematic with respect to metamorphic grade.
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Biotite and Chlorite

Both biotite and chlorite of the Kwolek Area exhibit similar
characteristics in thelr compositional variastions and can therefore
be considered together. The data on blotite are, however, more com-
plete than on chlorite because biotite is much more plentiful in the
Kwoiek Area.

Individual grains of bilotite and chlorite from the Kwolek Ares
are relatively homogeneous. Although traverses across single grains
show variations greater than expected from counting rate statistics,
the variations are not regular. Figs. 33, 34, 35, 36, and 37
exemplify the variation found in biotite and chlorite. Fig. 33 shows
traverses across individual grains and indicates the lack of dramatic
zoning like than seen in the garnet. The comparison of the Mn pro-
files of Figs. 33b and 34 indicates that although the Mn is different
in both grains, it is constaﬁt across each grain. The biotite of
Fig. 33b (350C) coexists with garnet 350C which is homogeneous and
has an Mn counting rate of about 1800 c.p.s. The biotite of Fig. 34
coexists with garnet 350B, which has an edge counting rate of about
200 c.p.s. and a center counting rate of about 1800 c.p.s. Both rocks,
350B and 350C, come from the same outcrop. If the center of biotite
3508 (Fig. 34) had grown in equilibrium with the associated garnet, it
should have an Mn counting rate at its center comparable to that of
350C (Fig. 33b), since biotite 350C coexists with a garnet with a com-

position similar to the center composition of garnet 350B. As similar



Fig. 33.
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Profiles for indicated elements across two biotite
(Figs. 33a, b) and two chlorite grains (Figs. 33c, d).
Mn for biotite is corrected for background. ‘Fifty
percent of the points plotted are expected to fall
within the ranges indicated by vertical bars by

statistical counting rate theory. ©Scales indicated.
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relationships exist for blotite and chlorite coexisting with garnet
in other rocks of the Kwoiek Area, it 1s concluded that bilotite and
chlorite continued to reequilibrate in response to changing conditions,
in marked contrast to the garnet.

Chlorite interlayers in blotite are common, but the reverse is
not true. Figure 34 shows Fe and Mg, as well as Mn, profiles across
a large biotite grain of sample 350B, perpendicular to the cleavage.
The analyzed spots are 1 micron apart, and the analyzed spot dlameter
is 2 microns. It is apparent that there is a mineral Interlayered
" with biotite with a much higher Fe and Mg content than biotite.
Chlorite must be the mineral as the Mg and Fe counting rates are simi-
lar to those of discreet chlorite grains in sample 350B. The chlorite
interlayers in the sample shown in Fig. 34 are about 3 to 4 microns
wide. These layers are only resolvable with the high powered objective.
In most cases of chlorite interlayering, the layers are thinner than
3 to 4 microns so that the counting rate approaches but seldom reaches
the true chlorite counting rate.

Figure 35 shows several typical biotite analyses, represented as
plots of Fe against Mg. FXach point represents an averége of 10 to 15
separate analyses on a single grain. Effects of chlorite interlayering
have been accounted for. The reason for the spread of points for each
sample is puzzling. In order to better understand the scatter of data,
adjacent biotltes, but one with the cleavage parallel to the microscope
stage (point D on Fig. 35c) and one with cleavage perpendicular to the

stage (point g) were analyzed to see if orientation affected the
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Plots of average Fe against average Mg of several
biotite grains from each of four samples. Each
point represents an average of more than 15 analyses

of the type shown in Fig. 33. See text.



360

350

340

c.p.s. Fe x 107!

370

360

350

_133_

Pig. 35.

©
- o %0 320 o %
© [~ x
® © (]
Q
@ @ ® & & X
- . « 310
X
- ) 300
384 Aug 3, 1965 ©
350C June 20, 1965 Aug 5, 1965 x
Fig. 35a. . Fig. 35b.
} | | | |
400 420 480 500
f 530
o & o ¢
[#]<]
eC °
(4]
- .p @ 520
(5]
@
. 510
377 C Aug 20, 1965 1548 July 26, 1965
lFig. 35es l F:'Lg.l 35d. i
400 420 220 240
c.p.s. Mg



~134-

counting rates. Point c has gbout 3 pefcent higher Fe counting rate
‘than point D- It is concluded that this'represents the magnitude of
counting rate differences that might be expected for biotite grains
of differing orientation. This difference could be explalined by a
deeper electron penetration in grain ¢ than grain p-

The biotite grain compositions of the samples shown in Fig. 35
are considered to be relatively homogeneous. That is, the average
composition of each of the biotite grains does not vary significantly
from point to poin% in a thin section. Figure 35 is to be contrasted
with Figs. 36 and 37. Note that the horizontal and vertical scales
are the same as for Fig. 35. There is clearly a systematic varistion
of.Mg/Fb ratio from grain to grain; even the individual analyses for
each point on a grain, shown for three grains in Fig. 36, do not over-
lap. The variations are in the direction expected for maintaining
atomic bglance: The lower the Fe content, the higher the Mg content.
The analyses of Fig. 36 were taken from within an area less than 1
millimeter in diameter. Those of the biotites of Fig. 37a (two
specimens) and the chlorite of Fig. 35b were taken from within an area
1 inch in dismeter. These areas are no greater than those of Fig. 35.
The data of Figs. 36 and 37 demonstrate that equilibration of a rock
as it is now seen must be on an extremely small scale.

In order to understand these variations of Mg/Fb ratio, carefully
located grains of biotite were analyzed from rock 350B. The results of
this study are shown in Fig. 38. Analyses 6-13 were made on blotite

. flakes parallel to bedding foliation, very nearly along the same thin
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Fig. 36. Plot of average Fe against average Mg for seven

 biotite grains of sample 222. Individual data
points for three grains are shown to illustrate
the spread of data. Bars show eXpected

statistical range of analyses. .See text.
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plane, of a dark bed of the thinly bedded greywacke. Analyses 5,
17-20, and 23 were made along a thin region ﬁithin a light layer.
The analyses from the dark layer, which contains stsurolite as well
as garnet and chlorite, plot in one "homogeneous' group with a lower
Mg/Fe ratio than the "homogeneous"group from the light layer. Analysis
3, in a different light layer, also plots with the light layer
analyses. Analysis 21, on the edge between a light and dark layér,
plots between the dark layer and light layer analyses. The other
analyses, 1, 2, 4, 14, 15, and 16,taken from scattered points around
the thin sectilon, but in dark layers, are irregular with respect to
the other data.

The variations of biotite composition may or may not be signifi-
cant for purposes of understanding the scale of equilibrium at the
maximum temperature of metamorphism. The garnet data already suggest
a tendency for the minerals of an assemblage to reequillbrate with
decreasing temperatures. If the garnet grew during decreasing tempera-
ture, the bilotite and chlorite must have reequilibrated with the edge
composition of the garnet because they are involved in the reaction
making the garnet. It does not seem unreasonable, then, to expect the
volume over which equilibrium is attained to decrease with decreasing
temperature until the scale of equilibrium is only a few microns. At
the end of metamorphic recrystallization, a biotite or chlorite adja~-
cent to a garnet might be in equilibrium with that garnet but not with
a staurclite, or other minerals, 20 microns or so away: However, a

blotite next to that staurolite might have been in equilibrium with it
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Plot of average Fe against average Mg for 23 biotite
grains from sample 350B. The two groups of points
are from the dark and light thin beds of the

greywacke.

Locations of the analyses of Fig. 38a are shown on a
sketch of the thin section. The light layers are
indicated as are the locations of staurolite and
garnet porphyroblasts. Gl 1s the garnet of Fig. 15b;

G, is the garnet of Fig. 16
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when recrystallization ceased but would have a different composition
than the bilotite next to the garnet.

Biotite compositions may be closer to one another along individual
thin laminae due to similar permeability, porosity, and local composi-
tion along all points within each lamina.

The narrow spread of data of maximum temperature composition of
garnet from different points in a thin section (see Fig. 28) is strong
support for the idea that the area of equilibration at maximum tempers-
ture was at least the size of a thin section with the same assemblage
throughout. The spread of the limiting composition, maximum temperature
Mg/Fe ratios of the garnet is only about 5 percent in spite of the
difficulties of picking the maximum temperature horizon and in spite of
the low Mg counting rate of garnet; whereas the spread of biotite
compositions in Fig. 38 is about 10 percent.

The tentative conclusion, then, is that the rock as it is presently
seen has smaller regions of equilibrium, representing the last stages of
recrystallization during declining temperature, than it had at the
thermal maximum. This assumes that the biotite of Figs. 36, 37, and 38
once had a more homogeneous composition at the peak of metamorphism than
they do now, to be consistent with the concept of an invariant assemblage
at constant P, T, aHéO’ and Mn content.

Regardless of the variation of the biotite composition within single
thin sections, it is instructive to compare biotite data and garnet data
with the relations between bilotite and garnet discussed by Albee (1965Db) .

In this paper Albee plotted Mn content in the garnet against the Mg/Fb
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Plot of atom percent Mn/Mn+Mg+Fe in garnet against
atom percent Mg/Mg+Fe garnet (open circles) and atom
percent Mg/Mg+Fe biotite (closed circles), after
Alvee (1965b) for the musc - bio - gar - stl

assemblage of Phinney (1963).

Plot of atom percent Mn/Mn+Mg+Fe in garnet against
the Mg~Fe distribution function between garnet and
biotite. Open circles are the data of Phinney (1963)
after Albee (1965b). Closed circles are for the data

of the 350 series rocks. See text.
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ratio in both garnet and biotite (Fig- 1, page 156, reproduced as here
as Fig. 39). The Mn, Mg, and Fe were based on bulk chemical analyses
from several localities (Phinney, 1963, Green, 1963, Frost, 1962; only
the data of Phinney are shown in Fig. 39). Albee showed an inverse
relation of Mn in garnet vs. Mg/Fé in garnet and a proportional relation
of Mn in garnet vs. Mg/Fb in biotite. The Kwoiek Area garnets are con-
sistent with the garnet data of Fig. 39 as discussed in Fig. 29.
Howe&er, Albee shows the Mngar VS. Mg/Fébio curve with a different slope

than the garnet curve and from this deduces that Kﬁ gar - bio
( K, = (Mg/Fe)gar/(Mg/beio } is dependent on Mn content in the garnet.

This relation is parially reproduced here in Fig. 40.

Albee's biotite curve is not consistent with the data from the
Kwoiek Area. Analyses of the bilotites from the 350 series samples sug-
gest an inverse relation of Mngar to Mg/Fb bilotite (Fig. hlb), though
complicated by the local variations of bilotite composition within the
thin section. Even though the biotite 1s presumed to have reequilibrated
during retrogression, the fact that the bilotite and the chlorite cannot
"recover" elements lost to the garnet and staurolite indicates that the
biotite and chlorite compositions could not have changed drastically.
Therefore, the trend shown by the line through the 350 series biotite in
Fig. 41b is very likely close to the real trend at the time of maximum
temperature. The data of the 350 series samples, in texrms of the
counting rate distribution function and atomic percent (Mg/Mg+Fe+Mn)
garnet, are also shown oﬁ Fig. 4O to emphasize the different trends.

The counting rate KD and atomic KD differ by a small, nearly constant



Fig. 41.
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Plot of the Mn content of garnet in the maximum temperature
horizon against the Mg/Fe ratio of coexisting chlorite
(Fig. bla) and biotite (Fig. 41b) for the rocks of the
Kwoiek Area. Line on Fig. 4lb is visually fitted to

biotite data of the 350 series rocks.
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amount. It is noteworthy that using Kretz's data for hornblende
assenblages (Albee, 1965b, Fig. h), one could draw a best fit curve
through the biotite data with an inverse slope. It is probable that
the dependence of Kb gar - bio upon Mngar 1s less than suggested by
Albee (1965b), but the evidence does not yet rule out a smaller
dependency .

Although the biotite and chlorite probably reequilibrated at
lower than the maximum temperature reached by the rock, biotite and
chlorite compositions vary systematically with metamorphic grade. The
averages of the biotite and chlorite are plotted against garnet maxi-
mum temperature horizon Mn content in Fig. 4l. The distribution
functions between biotite and chlorite, on the other hand, are plotted
graphically in Fig. 42, showing there is little systematic relation of
Kb bilio - chl with metamorphic grade. In fact, all the points cluster
along a single value of Kb = O=85,Iindicating either that the biotite
and chlorite reequilibrated with one another to the same temperature
during retrogression or that Kb bio - chl is very insensitive to temp-
erature changes. Comparison of Fig. 4l with Fig. 31 shows that the
higher values of Mg/Fé in both biotite and chlorite are generally found
in the higher grade rocks, but the relation 1s not as systematic as for
the garnet, probably due to reequilibration during decreasing tempera-

ture.
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Fig. 42. Plot of Mg/Fe ratio in chlorite against the Mg/Fe ratio of
coexisting biotite for the rocks of the Kwoiek Area. Two

- lines of constant Mg-Fe distribution between chlorite and
biotite are shown for reference. High Mg/Fe values of both
chlorite and biotite represent generally higher grade than
low Mg/Fe values.
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Staurolite

The staurolite in the Kwolek Area is zoned, but most porphyro-
blasts of staurolite do not show the continuous zoning curves like
garnet. The staurolite zoning profiles clearly fall into two types
(Figs. 43 and 4h). These two types can be correlated with two dif-
ferent assemblages and two different reaction sequences during growth.
The type shown in Fig. 43, which shows discontinuous zoning in most
elements, occurs in the assemblage stl - chl - gar - bio - ilm -~ graph.
That shown in Fig. L4, although showing the same general features,
does not have a discontinuous Ti zoning profile; it occurs in the
assemblage stl - musc - gar - bio - 1lm - graph.

The discontinuous zoning_shown in Fig. 43 has both mineralogic
and petrologic significance. It offers a clue as to the type of
coupled substitutions that take place in the stauroclite formula, a
phenomenon not well understood; and 1t suggests the possibility of an -
abrupt change in the metamorphic reaction which is producing the stau-
rolite. The contrast between the homogeneity of the central regilon and
the zoned outer region of the staurolite may offer clues as to the
thermal history of the staurolite.

The zoning pattern of Fig. 43 indicates that the substitutions
involved are not Ti for AL and Al for Si. In fact, an increase of Ti
marks a decrease of.Al and an increase of 81 rather than the expected
constant Al and decrease of Si. vIn order to clarify this problem, four

total analyses were made on one staurolite grain for all elements except
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Fig. 4h.

Mn, Fe, Mg, Si, Al, and Ti profiles across a staurolite of
sample 37h (musc - gar - bio - stl assemblage).
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hydrogen (indicated as 1, 2, 3, and 4 on Fig. h3). These analyses

and formulas, based on a normalization to 30 catlons, are tabulated
in Table 12. The formulas indicate that no substitution takes place
in the Al position and that all substitution is in the(Fé,Mg) and S1
positions. In the outer zone of the staurolite grain the 48 oxygens
of the unit cell with a negétive charge of 96 can be nearly balanced
by two protons which, according to Naray-Szabo and Sasvari (1958), is
the likely number of protons in the staurolite unit cell. In the
central zone, 2.6 protons are necessary to balance thebcharge.
Alternatively, assuming that the number of protons is constant in the
staurolite formula, the charge would be balanced by changing 0.6 Fe'®
atoms to Fe'®.

Although the analyses are not precise due to unceftainties in the
calilbration curves (Appendix) and due to the impossibility of deter-
mining HoO and Fe™® with the microprobe, they should be accurate
relative to one another. Hence, the coupled substitution from the
central to the outer zone can be described as either Ti'® for

+4

(Fe,Mg)*?, 81" for A1*®, and H' leaving the structure, or Ti** for

(Fe,Mg)+2, si™* for Al+a, and Fe' ®— Fe'2.

Independent evidence supports the Fb+3——e>Fe+a hypothesis. If
the staurolite shows a discontinuous zonation due to the reduction of
iron, then the total assemblage must show a corresponding effect. Such
an effect is suggested by the Al and Ti profiles of the garnet from
outcrop 350 (Fig. 15). A discussion of the Al and Ti garnet zoning

profiles has been given. The small, sharp increase in Al and Ti content



_]_53_

Table 12

Total Analyses of Four Horizons in Staurolite 350F

1 2 3 L
510, o7.1 27.5 25,2 27.3
Ti0, o7 .69 .3k .65
A1203 53.2 54.0 56.0 53.5
FeO 11.9 11.9 12,1 LT
MnO : .15 .15 .15 15
MgO . 2,32 2.20 2,02 2,50
Total 95.37 96. L4k 96.01 95.80
(+) charge
Formulas (excluding
proton)
+2 . . '
(Mg, ooFen s ou Tt 150, 0681180507, 838 11)7.910)880 9.1
+2 . .
(Mg g Fes g M )T 15)5 g7AL (81, gghl 19)g 050)gts 943

+2 : +3 .
(M€.95Fe2.28Mn.oaTl.O7Fe.6)3.94All8(317.20A1.86)8.O6QA8H2 940

. +2 . .
(M) o7Fen g™ o TE 1)), 068%18(51 84AL 17)7.960u8Hs k.1

The analyses are in weight percent and were made at the
points marked 1, 2, 3, and 4 on Fig. 43. Formulas
calculated on the basis of 30 cations to the unit cell.
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outward from the center in some of the garnet of Fig. 15 is inter-
preted as having occurred at the same time that the discontinuous
zoning changes of the staurolite took place. The Al increase would
be expected if the rock were reduced during growth of the garnet
because Fe'° substitutes in the AL position. Since the result pre-
dicted in the garnet from the Fe' ®— Fe'® transition in the
staurolite 1s seen,this transition is taken as more likely than the
alternate method of maintaining atomic charge balance.in the stauro-
lite, that of moving protons out of the structure.

The lack of zoning in the central region of the staurolite
(Figs. 43 and L) can be interpreted by the Rayleigh depletion model
using the following observations: (l) XFe between staurolite and
biotite is close to 1, (2) WS/WO for the central zone is generally‘
small (WS = total weight of staurolite), (3) By analogy to Fig. 18
zoning due to Mg would not be pfonounbed until the staurolite was
quite large since ;Mg between staurolite and biotite 1s nearly the
same as XMg between garnet and bilotite, and (M) there is no major.
element for which staurolite has a large affinity, such as garnet
has for Mn. Therefore, according to the Rayleigh depletion model,
zoning would not be expected in a staurolite if the A's were constant.
If temperature changed, the A's would also change, producing zoning in
the staurolite.

Theiinterpretation of the growth history of the central region of
the staurolite of Figs. 43 and 44 is consistent with the reaction which

makesithis portion of the staurolite being an invariant reaction
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(Part III). The reaction takes place at constant temperature, if

other variables are fixed. The reaction discussed in Part III was
(1) muscovite + chlorite ——e garnet + staurolite + biotite

Since empirically the maximum number of phases one caﬁ have in the
Al;03 - K50 - FeO - MgO tetrahedron is four, reaction (l) must take
place at constant temperature until either chlorite or muscovite
disappears, because reaction (1) involves five phases.

Since the Rayleigh depletion model does not predict zoning in the
staurolite unless the fractionation factors change, the zoning in the
outer parts of the staurolite must be due to changing fractionation
factors, probably influenced by changing temperature. The temperature
must be rising since the discontinuous change in the staurolite zoning
profile of Fig. 43 is correlated with Al and Ti zoning changes in the
coexistent garnet which are locéted well to the garnet center from the
horizon where the temperature began decreasing.

The reaction making the staurolité of the outer zone of Fig. 43

was discussed in Part III and is inferred to be
(2) chlorite + (high Ti) biotite + Al;03 (from plagioclase?)
————— & garnet + staurolite + (low Ti) biotite.

Analytical work on the bilotite shows 10 percent lower Ti on the right
side of equation (2) than on the left, but the Al content of the chlor-

ite and bilotite does not drop. Therefore, an external source of AlgO; was
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' needed which may have come from coexistent plagioclase. The calcium
would go into the garnet.

The Mg/Fb ratio in the ioned part of the staurolite decreases
outward indicating that in a single grain the Mg/Fb ratio decreases
with increasing temperature. This is contrary to garnet, biotite, and
chlorite, where the Mg/Fe ratio increases with metamorbhic grade.

The average Mg/Fé ratio of individual staurolite grains from a
range of metamorphic grade is plotted against the maximum temperature
Mg/Fb ratio of coexistent garnet in Fig. 45. The vertical, or garnet,
axls is a function of metamorphic grade as discussed iﬁ Fig. 30. The
average Mg/Fe staurolite ratilo does not‘show a consistent relation with
metamorphic grade as shown by the arrows. The arrows are in the direc-
tion of increasing metamorphic grade between staurolite-garnet pairs.
The long sequence of arrows, from 362B to 371C to 370B and to 410 shows
increasing average Mg/Fb in staurolite to 370B, and then decreasing
Mg/Fe to 410. The other two, shorter arrows show decreasing Mg/Fe in
staurolite with increasing metamorphic grade. For all arrows, the trend
is in the direction of Kb stl - gar approaching one, as indicated by two
reference lines of constant KD'

There is too much scatter of data and too few specimens to
establish conclusive trends. For example, the four staurolite
averages Qf 3T70A cover about 50 percent of the total staurolite
variation. The staurolite from the five rocks of outcrop 350, with
the same assemblage, also have a staurolite variation of nearly 50

percent of the total staurolite variation. If it were not for the
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assemblages containing a limiting garnet composition.
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fact that each individual staurolite clearly shows a decreasing Mg/Fe
ratio with radius, as seen in Figs. 43 and 44, the variations of
Fig. 45 would not be considered significant. In Part V, a possible
model to explain the variations of Mg/Eb in single staurolite, as.
well as the variations in average staurolite Mg/Fe ratio in rock 350,
is discussed. The model might serve to explain the variatioﬁs through~
out the Kwoiek Ares.

The zoning pattern of Fig. 44 has a similar explénation.as that
of Fig. 43 except that the reaction making the outer staurolite layer

is of the type
(3) muscovite —> garnet + staurolite + biotite

which is discussed in Part ILL. The zoning is discontinuous in the
elements Mg, Al, and Si, but not in Ti. Instead, Ti appears to rise
continuously to the staurolite edge. This is reasonable since biotite
is not a necessary reactant in reaction (3) and hence the Ti content
in the staurolite 1s sensitive only to the continuous and increasing
preference staurolite must have for Ti as the temperature rises and

+3
Fe content decreases.
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Aluminum Silicate

All three anhydrous aluminum-silicate polymorphs, andalusite,
kyanite, and sillimanite, are present in the Kwoiek Area, and this
fact alone makes the Kwoiek Area an unusual one. In only a few areas
of the world have the three aluminum silicates been reported in the
same area (i.e., Hietanen, 1956; Pitcher and Read, 1960; Woodland,
1963). Since the gluminum silicates are polymorphs with supposedly
the same composition, the presence of all three in the Kwoiek Area
should give an estimate of the pressure-temperature conditions which
prevalled in the Kwoiek Area during its metamorphism. The experi-
mentally determined triple point has been placed at 300O and 8 Kb by
Bell (1963) and at 400° and 2.4 Kb by Weill (1966). The textural and
geographic relations of the aluminum silicates in the Kwoiek Area,
however, suggest one should exercise extreme caution in making deduc-
tions of pressure-temperature conditions based on the presence of the
three polymorphs.

Plates 3 and 5 are photographs of smooth rock surfaces of aluminum
silicate-bearing rocks. In both rocks there are nearly square cross
sections of a mineral which has a chiastolite-type pattern of inclusions.
However, for these two occurrences, as well as many others, not all
occurrences of square-outline areas are andalusite as 1s illustrated by
Plates, 4, 6-8. In specimen 180 (Plates 3 and L4), the square outline is
andalusite, but in 160A (Plates 5 and 6) there is andalusite in the cen-
ter but kyanite grains around the andalusite. Plate 7 is a photomicro-

graph of a square-outlined area that is now all kyanite. Plate 8 shows



Plate 3. Polished rock surface showing andalusite cross sections (A).

Largest andalusite about 2 mm. square. Specimen 180.

Plate k4. Photomicrograph (plane polarized light) of andalusite of

plate 3. Large andalusite about 2 mm. square.
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Plate 5. Polished rock surface showing andalusite cross
sections (A). Largest grain about 2 1/2 mm. square.

Specimen 160A.

Plate 6. Photomicrograph (plane polarized light) of an
andalusite cross section of Plate 5 showing
andalusite (A) surrounded by smaller grainé of
kyanite (K). Outlines of two sides of former
andalusite boundary are indicated. Andalusite

and kyanite area 2 1/2 mm. square.
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Plate 5.

Plate 6.
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Plate 7. Photomicrograph (plane polarized light) of a square
outlined area of specimen 4O. Andalusite has been
completely transferred to kyanite. The kyanite

pseudomorph is about 2 mm. square.

Plate 8. Photomicrograph (plane polarized light) of a square
outlined area of specimen 370A. TFormer andalusite
area now occupied by kyanite (K), staurolite (S),
biotite (B), and quartz and plagioclase. Fibrolitic
sillimanite (F) is developed at one corner.
Pseudomorphic area is about 2 mm. square. Outlines
of former andalusite boundary are indicated. Coarse

sillimanite prisms occur elsewhere in thin section.



Plate 8.
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a square-outlined area containing staurolite and kyanite rimmed by
fibrolitic sillimanite. It is clear from Plates 3-8 that a sequence
of polymorphic transitions has taken place with tﬂe sequence

andalusite == kyanite —e sillimanite

The andalusite-to-kyanite part of the sequence has been reported in
four other areas in the world (Tilley, 1935; Dike, 1951; Workman, 1963;
Shams, 1965). Also identified around Skihist Mountain Stock, but not
reproduced photographically, is fibrolitic sillimanite around andalusite
within 20 feet of the stock contact. This textural relation indicates

the polymorphic transition
andalusite e——es sillimanite.

The distribution of the aluminum silicate polymorphs in the Kwoiek
Area is shown on the map in Fig. 1. Andalusite is common around Skihist
Mountain Stock; and the only other andalusite occurrences are at the
eastern edge of Kwoiek Needle Stock, where it 1s surrounded by kyanite
(lGOA) and between Kwoiek Needle Stock and Hanna Peak Stock where it
occurs with sillimanite and kyanite (3203). Kyanite pseudomorphous
after andalusite is common along the ridge including Kwoiek Needle Stock
and Kwoiek Needle up to the Southern Batholith contact west of Kwoiek
Needle. Kyanite and sillimanite pseudomorphs after andalusite also occur
in the narrow septum between Hanna Peak Stock and the Southern Batholith.
Sillimanite occurs as the only aluminum silicate polymorph in the
migmatite between Hanna Peak Stock and Murphy Iake Stock, and also at the

western contact of Granite Mountain Stock. Kyanite and sillimanite
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occur together (370A) on the ridge west of Kwoiek Needle near the
Southern Batholith contact.

The two aluminum silicate polymorphic transition paths,
A, andalusite —» sillimanite
and, B, andalusite-—>kyanite —>sillimanite

are shown on an experimental phase diagram for the aluminum silicates
(Bell, 1963) as two separate trajectories (Fig. 46). The positions of
each of the paths on Fig. 46 is arbitrary but it is clear that the two
paths have to be different if they are both stable paths. To go stably
from andalusite to kyanite to sillimanite involves not only a tempera-
ture increase but also a pressure increase. The transition of andalu-
site to sillimanite can be made at constant pressure, increasing
tempersature; increasing pressure, increasing temperature; or decreasing
pressure, increasing temperature. However, the increasing temperature
path for the andalusite to sillimanite transition cannot be the same as
the andalusite to kyanite to sillimanite transition series.

The two areas, near Skihist Mountain Stock and along the ridge
that includes Kwoiek Needle, are only five miles apart; they are at
about the same elevation: 6000-TO00 feet; the Kwoiek Area has not
undergone extensive tilting since the metamorphism because contacts dip_
between 80 and 9OO away from igneous bodies; ﬁhe andaluslite to silliman-
ite transition is seen in single handspecimens from near an intrusive
cqntact and the andalusite to kyanite to sillimanite transition can be

documented from less than one-eighth mile horizontally from the
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A125105 phase diagram after Bell (1963) showing
possible stable paths of observed alumiﬁum silicate
transitions in the Kwoiek Area. See text.

Al,810. phase diagram after Bell (1963) showing

5
inferred metastable - stable transition path of ob~

served aluminum silicate transitions in the Kwoiek

Area. See text.
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Southern Batholith contact west of Kwoiek Needle. These relations
taken together lead to the conclusion that both aluminum silicate
transition paths occurred not only at constant pressufe but also at
about the same pressure. This i1s clearly contradictory, at least
for the andalusite to kyanite to sillimanite path, to the relations
shown in Fig. L6, which show the only path possible for andalusite
to go stably to kyanite and kyanite to sillimanite.

Possible explanations are that andalusite formed metastably in
the kyanite field or that impurities in the andalusite stabilized
andalusite in the kyanite field.

If impurities stabilized andalusite, Fig. 47 can be taken as a
stable phase diagram for a specified concentration of impurity in
. andalusite. ©Small amounts of impurities can be expected to change
the stability curves by significant amounts because of the low free
energy of transition of one aluminum silicate to another (Corlett
and Smith, 196L4). For the case of the Kwoiek Area, impurities in
andalusite might be expected to stabili;e it in part of the kyanite
field. With increasing temperature, the transition of andalusite to
kyanite (possibly with release of the impurities) could take place.

Wave length scans between 12A and lA were made on selected alumi-
num silicate minerals with the microprobe. Conditions were O.4 micro-
amps sample current and 25 kilovolts accelerating voltage. Spot size
was 5-10 microns. Table 13 shows the results of this study. The
numbers given for each element found are in scale units above background

(100 units full scale). As they are not calibrated against standards,
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Table 13

Trace Element Analyses of Aluminum Silicate Polymorphs

Element K Ti Vv Cr Fe Cu ©Sn Ca Mg
Line Kg K g Kqg Kq Kq Kg LB Kqg Xq
180 and 1.5 1.5 Lo 1. 30 - - - -
189 and - 6 1.5 - >69 - - - 3
314 si1li 5 - 2.5 5 22 - - - -
31k eilli 5 - 3 6 - 24 6 27 - -
370A silli 1.5 - 2 2 15 - 1 5 -
3T0A ky - 1 1.5 52 2k - - - -
371C ky 5% - 1 2 16 - 2 - -
160A and - 2 3 & o8 = - - -
160A ky - 2 - - 20 = = - -
160A and - 2 1 - 29 - - - )
160A ky - 2 1 - 22 - - - -
160A and - 3 - - 76 - - 2 5
160A ky - - - - 35 - - - 1.5

Analyses are given in units above background (100 units
full scale). Coexisting aluminum silicate polymorphs and
analyses on different grains of a sample are shown by
identical sample numbers. See text.
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absolute values of concentration cannot be determined for each
element. NagO, which could be present in the aluminum silicates
(Pearson and Shaw, 1960) was not analyzed for but it is probably
present in only very small amounts, if at all, because the Kp0
content is very low.

Little can be concluded from observed differences in trace
element concentrations, even when two aluminum silicates are co-
existing. One andalusite (189) nas a markedly higher Fe content
than the other andalusites, but the others, 180 and 160, have
essentially the same elements and raﬁge of each element as kyanite
and sillimanite. There does appear to be a slightly higher Fe
content in the andalusite coexisting with the kyanite in sample 160.
However, the difference is very small as an Fe peak height of 20
corresponds to about 0.2 weight percent FegOz. It is hard to con-
celve that this small difference in Fe content would shift the
andalusite-kyanite equilibrium boundary any significant amount.
Therefore, the concept developed below,‘is probably the most likely.

A possible gluminum silicate sequence beginning with metastable
formation of andalusite is shown diagrammatically in Fig. 4T where
the metastable extensions of the experimentally determined transition
curves are plotted, and the fields of the next most stable polymorphs,
andalusite and sillimanite, are shown in the kyanite field. The
observed aluminum silicate transitions in the Kwoilek Needle ridge area
could have formed along the constant pressure line a, k, s with meta-

stable andalusite forming in the metastable andalusite field a,
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. inverting to étable kyanite where the a, k, s path leaves field (A),
and inverting to sillimanite at g8 where the hypothetical a, k, s
path enters the stable sillimanite field. |

The observed aluminum silicate transitions around Skihist
Mountain Stock could be inferred to have taken place along the same
path as those on Kwolek Needle ridge except that instead of stable
kyanite forming at k, metastable sillimanite formed. The differences
in the two observed sequences might be due to the fact that the temp-
erature gradient around Skihist Mountain Stock was steeper than that
along Kwoiek Needle ridge away from the Southern Batholith contact.

The much wider contact aureole in rocks of similar composition near
the Southern Batholith than near Skihist Mountain Stock is evidence
of thils fact. Steeper temperature gradients of shorter time duration
would be expected to be more favorable for the formation and preserva-
tion of metastable phases than a shallower gradient of longer time
duration.

An alternate explanation to the differences in the two aluminum
silicate transition series, that of différent pressures in the two
areas, is a possibility; but it is unlikely that the pressure differed
significantly between the two areas.

The two transition series are shown to cease at different tempera-
tures in Fig. 47, in spite of the fact that both stop at quartz diorite
contacts, because evidence indicates that the temperatures were not the
same adjacent to both contacts. First, there is a 600 foot migmatite

zone adjacent to the main batholith where the andalusite to kyanite to
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sillimanite sequence was documented, but no migmatite occurs around
Skihist Mountain Stock. The origin of the migmatite is assumed to
be partial melting rather than injection (discussed in Part II); and,
hence, its presence may be indicative of higher temperatures since
greywacke in the two areas is not grossly different. Second, the
garnet data presented in Fig. 31 show that the limiting composition,
maximum temperature Mg/Fe ratio of the garnet (Fig. 30) at Skihist
Mountain Stock contact (173, 175) has a lower Mg/Fe ratio (i.e., lower
temperature) than the garnet in the migmatite belt (3710, 370C, 370B,
410).

The complete picture of the formation of the aluminum silicates
can now be summarized. The two observed sequences, andalusite to
kyanite to sillimanite and andalusite to sillimanite, probably took
place at nearly the same constant pressure. The one involving kyanite
involved higher temperatures at the end of the sequence that were held
for a longer period of time so that the kyanite to sillimanite part of

" the transition is presumed to be a stable sequence after initial meta-
stable formation of andalusite. The andalusite to sillimanite sequence,
if it is accepted that the two sequences took place at the same
pressure, must involve metastable sillimanite as the andalusite to
sillimanite transition ceased at a lower temperature than the kyanite
to sillimanite transition. The transition presumably took place across
the metastable extension of the andalusite-sillimanite boundary as
shown in Fig. 47. fhe pressure of both transition series must be at the

high pressure side of the aluminum silicate triple point.
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CONDITIONS OF METAMORPHISM

In most studies of metamorphic terranes attempts have been made
to define the intensive variables of metamorphism such as Ptotal’
Priuia’ Tryo Fop

speculative and this study can do little more; however, some limits

3 PCO@’ and T. These attempts have primarily been

on the variables involved can be made.

Temperature and Total Pressure

The temperatures in the Kwoiek Area clearly had a wide range,
from those representative of the greenschist facies to those of the
upper almandine-amphibolite facies. The upper limit is marked by the
crystallization temperatures, at the pressures involved, of bilotite
quartz diorite; the lowest temperatures would be below the formation
of epidote. Most workers would suggest a temperature range in the
Kwoiek Area of between 300°C and TOOOC, for these facies and limits.

The best independent evidence relating to the maximum tempera-
tures reached at a few locations in the Kwoiek Area and the total
pressure (total pressure 1s taken to be the same throughout the Kwoiek
Area) is from the aluminum silicate polymorphs. Figure 48 summarizes |
some of the recent experimental work on the AlpSiOs system. According
to the arguments used in the preceeding section, the observed transi-
tion of andalusite to kyanite to sillimanite took place at a pressure
somewhat higher than that of the triple point; how much higher is not
known, but presumably it was not more than half a kilobar. According

to Fig. 48, the total pressure in the Kwoiek Area was, therefore,
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Fig. 48. Summary of data on the A128i05 Phase diagram to date.
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either slightly above 8 kilobars (Bell, 1963) or slightly above 2%
kilobars (Weill, 1966).
A pilezobirifringent analysis (see Rosenfeld and Chase, 1961)

was performed on one specimen from the Kwoiek Area (Rosenfeld, oral
communication, 1966), and this analysis puts a definite restriction
on which of the above two pressures was the closest to the true total
pressure in the Kwoiek Area. The analysis was on quartz inclusions
in a garnet of sample 410, which was collected near the kyanite to
sillimanite transition but within the field of stability of silli-
manite (Fig. l). Rosenfeld found that quartz inclusions with the
c-axls perpendicular to the microscope stage did not stress the
garnet but quartz inclusions with the c-axis parallel to the micro-
. scope stage did. This obser?ation, coupled with knowledge of quartz
and almandine coefficlents of thermal expansion and compressibility,
gives a univariant curve along which the analyzed rock must have
crystallized. This univariant curve intersects the kyanite-sillimanite -
boundary of Weill (1966) as well as that of Newton (1966) at 2.5 Kb and
ASOOC, which is not an unreasonable temperature and pressure for condi-
tions one-eighth of a mile from the contact of a deep-seated batholith.
The univariant curve defined by Rosenfeld does not intersect Bell's
kyanite-sillimanite curve at any pressure or temperature. Hence, it is
concluded that the triple point of Weill (1966) is more correct than
that of Bell (1963) and that sample 410 crystallized at a temperature
near 450°C and at a pressure of about 2.5 kilobars.

The above pressure estimate is supported by geologic evidence. The
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quartz diorite intrusives are believed to be about 100 million years
old (K. C. McTaggart, oral communication, l96h), a lower Cretaceous
age, and to have intruded sedimentary rocks of Upper Jurassic or (?)
Iower Cretaceous age (Cairnes, 1942). According to Kummel (1961, |
page 16), the maximum known thickness of Jurassic age in North America
is 22,000 feet. Even with the uncertainties of the above age assign-
ments as well as thickness amplifying effects such as recumbent folds
or thrust faulting, it is difficult to conceive of a load pressure

greater than 2-3 kilobars.

Oxveen Pressure and Its Influence on Staurolite Composition

Graphite is present in the metamorphosed sedimentary rocks of the
Kwolek Area in all grades of metamorphism. The most common accessory
opaque mineral is ilmenite; pyrite or pyrrhotile are also present in
some rocks. Magnetite was looked for but not found in any metasedi-
mentary rock. These observations alone suggest "low" values of PO2

20

in the range of 10 to 107°® atmospheres (Pf = 2 Kb).

luid
Recent data and discussion (French,‘l965) offer further insight
into the behavior of the partial pressures of the various gaseous
species in the Kwoiek Area. Figure 13 of French (1965) is reproduced
here as Fig. 49. This figure, for Pgas = 1000 bars (French argues
that the qualitative relations of this diagram should.not change for
higher pressures) shows the relative compositions of CO; and HgO in
the gas phase for a rock in which graphite is available for reaction.

Figure 49 indicates that graphite cannot be in equilibrium with a

" pure H;O phase at the temperatures found in the Kwoiek Area.
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Relation of P to P for graphite-bearing rocks
HeO 002

at Pgas = 1000 bars (after French, 1965). Tempera~-

- ture in degrees centigrade. Buffer curves shown:

hematite - magnetite (HM), quartz - fayalite -
magnetite (QFM), magnetite - wustite (MW),
wustite - iron (WI), and quartz - fayalite - iron
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Although the exact temperature path in Fig. 49 is indeterminate
for an open system, increasing temperature will lead to a lower con-
centration of H;O in the gas phase and, according to French (1965),
an increasing content of Hz and CO. CH, will be abundant.

Common buffering systems are also shown in Fig. 49 and indicate
that, in the presence of graphite, increasing temperatures lead to
a net reauction of Fe in the solid phases present. This agrees with
observations that the Fbgos/FbO ratio decreases as metamorphic grade
increases in the presence of graphite (Shaw, 1956, Zen, 1963,
Miyashiro, 1964). 1In the Kwoiek Area, no total rock Fégos/FeO values
were obtained, but arguments were made (page 15&) for a reduction in
Fe'® content in the staurolite grade rocks with temperature increase.

The concept of increasing Fe reduction with increasing tempera-
ture suggests a reason for the observation that Mg/Fb in individual
staurolite grains decreases with increasing temperature and that the
staurolite analyses of the 350 series rocks show nearly 5Q percent of
the total staurolite variation found th;oughout the Kwoiek Ares. These
speculations, in turn, lead to a better understanding of the total gas
pressure (Pgas) and partial pressures of the various components of the
gas (P,).

As in Part III, reaction La of Part III (low—Ca reactions) can
be broken :'Lnto the two reactions

(ba - 1) chl + DiOwew gar + bio

(ba - 2) chl + (high Ti) bio + A1,0s (from plagioclase?)

————=stl + (low Ti) bio + Og.
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Oxygen 1s placed on the reactant side of equation (ba - 2) in
conformity with the observation of progressively reduced iron in
the staurolite with increasing temperature.

Since reaction (Lka - lL as it 1s written, does not involve
oxidation or reduction, it can be represented by a family of curves,
each for a specified garnet composition, nearly parallel to the P02
axis of a Poe— T plot (Fig. 50). This conforms with the observation
that the Mg/Fe ratios of the five garnets of outcrop 350 appear
dependent only on Mn content. However, the fact that the staurolite
; Mg/Fb ratios are not regular with respect to any other element, such
as Ti or Mn, nor with respect to metamorphic grade, suggests that
another variable or variables is responsible for the Mg/Fe variations.
It is suggested here that Poa be used as the other variablé; and,
therefore, equation (ha - 2) is plotted in Fig. 50 as a function of
POB- The question then becomes how to orient the family of stauro-
lite lines, representing different compositions of staurolite in
equation (ha - 2), with respect to the garnet lines and, more impor-
tantly, with respect to reasonable Pcb- T paths.

The analysis of the staurolite zoning gives us one piece of
information which constrains the position of the lines for equation
(ha - 2). At the discontinuous change in zoning in Fig. 43, there -
is a discontinuous change in the ratio Fe/Mg+Fe. The temperature
change across the zone boundary is considered negligible. However, the
change in Fb/Mg+Fe ratio is either positive or negative going from‘

center outwards, depending on whether we consider
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Fig. 50. Hypothetical garnet and staurolite stability fields in
a P02 - T plot for the assemblage chl - gar - bio -
stl - gtz - plag - ilm - graph. Line a - b is
inferred high temperature stability limit of stauro-
lite. Subscripts for staurolite (S) and garnet (G)
give the atom percent Fe/Fe+Mg in staurolite and garnet

at the indicated reaction boundaries. Fig. 50a,

Case I; Fig. 50b, Case II. See text.
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Case I T =

Fig. 50a.

<— d0d

Case IL T —

Fig. 50Db.
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Fe*®/(MgtFe™@) or (Fe'?+Fe’®)/(MgtFe"Z+Fe’®)

In the latter case, Fb/(Mg+Fe) decreases (Case I) in the outer zone,
and in the former case (Case II) it increases. A furfher restriction
is that the ratio Fe/Fe+Mg in the staurolite cannot exceed that of the
coexisting garnet. This arises from the fact that no staurolite has
been observed, either in the Kwoiek Area or in any other area, in which
Fe/Fe+Mg in staurolite is greater than Fe/Fé+Mg in coexisting garnet.

In Fig. 50a equations like equation (ha - 2) are plotted relative
to the garnet equations for Case I. It 1s noted that for Case I the
staurolite Mg/Fe ratio increases with temperature, which is contradic-
tory to observation (see Figs. 43, 4k, and 45). Case II (Fig. 50b),
on the other hand, 1s consistent with observation and is also analogous
" to olivine stability curves (Wones and Fugster, 1965). It is concluded
that Case II is the most reasonable.

Accepting Case II as the most reasonable, we must then infer a
reasonable Pbg— T path which, for increasing temperature,will give both
increasing Mg/Fe in the garnet and decreasing Mg/Fb in the staurolite.
In Fig. 51, the relative positions of the magnetite~hematite buffer
curve and a graphite-~gas buffer curve are drawn with respect to the
staurolite and garnet curves of Case II.

The graphite-gas buffer curve is a buffer curve only under certain
specified conditions. According to French (1965), the curve is a

buffer curve in the presence of graphite if there are two restrictions
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on the equation

= - +
(1) Pgas PHQO - PH2 + P02 + PCOB B PCH4

Even if it is assumed that P
Hz0

between the rocks of a single outcrop (e.g., the 350 series samples)

(or alternatively HHQO) is constant

and that Iﬁbo

temperature (discussed in Part III), equation (l) is still univariant

(or alternatively “Héo) has a systematic relation to

~ at constant temperature. Accepting this model, it is possible to
explain the non-systematic variations of staurolite composition in the
five rocks of outcrop 350. The graphite-gas buffer curve of Fig. 51
-will notvbe a true buffer curve as its position will be different in
different rocks if any variable in equation (l), such as Pi or Pgas’
varies from rock to rock in a given outcrop.

The model proposed above is speculative but it does explain the
limited data available and does not contradict any data. If this

model is accepted, local differences of Pgas or P, "explain" the

scatter of data of Fig. 45.
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SUMMARY OF CONCIUSIONS

The most important contributions of this study are the conclu-
sions based on the study of zoned garnet porphyroblasts. The
interpretation of their zoning has come from a variety of sources,
both geological and petrological, as well as analytical. The study
of the biotite and chlorite indicates that these minerals continu-
ously reequilibrated during the metamorphic history and acted as a
reservolr of elements for the growth of the relatively unreactive
minerals -- garnet, staurolite, and aluminum silicates. The bilotite
and chlorite continued to reequilibrate at lower temperatures
subsequent to the peak temperature of metamorphism. The zoning
patterns of the staurolite indicate that the metamorphism took place
under increasingly reducing conditions as the temperature rose. The
discontinuous zoning patterns in the staurolite show that early
staurolite crystallization took place at constant temperature and
that in most cases the garnet and staurolite grew by at least two
different reactions. The reactions that produced the garnet and
staurolite were inferred from the study of assemblages in rocks of
- different composition collected from grades of metamorphism ranging
from low biotite and chlorite to sillimanite and into the temperature
rangé of partial melting. The method of graphical projection used to
illustrate the reactions differs from that used by Thompson (1957) in
that a biotite composition 1s used as the projection point instead of

muscovite.



_]_87_

The garnet porphyroblasts themselves grew according to a
depletion model,‘called the Rayleigh depletion model. The assump-
tions in this model are that equilibrium existed between garnet rim
and "reservoir" of biotite and chlorite and/or muscovite, but that
disequilibrium existed within the garnet itself. Calculated curves
for Mn and Mg/Fe ratio as a function of radius closely approximate
the analytical curves. Although the temperature history for most
of the garnet cannot be proven by the comparisons of calculated and
analytical zoning patterns, it can be stated that the outer zones
grew under conditions of decreasing temperature.

The fact that the garnet continued to grow with decreasing
temperature and that the biotite and chlorite compositions vary
from point to point in a given thin section indicates that distri-
bution functions between garnet edge and biotite and chlorite simply
reflect the temperature at which the rock stopped reequilibrating
during the decreasing temperature period rather than the maximum
temperature.

Assuming the bulk of the garnet grew under conditions of
increasing temperature, a zone in each garnet is identified as
having grown at the maximum temperature of metamorphism. Where this
composition represents the limiting garnet composition in a four-
phase field in the Al;03 - K;O0 - FeO - MgO tetrahedron, it can be
shown that the maximum temperature composition changed systemati-
cally to higher Mg/Pb values with metamorphic grade. Chlorite and

biotite in rocks with limiting composition garnets increase in Mg
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content, whereas staurolite shows the reverse effect.

The limiting composition, maximum temperature Mg/Fe ratio of
garnet is dependent on the Mn content, if other variables are
constant. Albee (1965b) showed a similar relationship; however, it
appears that the distribution function of Fe and Mg between biotite
and garnet is independent, or less dependent on Mn content than
reported by Albee (1965b). In addition the Mg/Fb ratio of the gar-
net is dependent on the biotite/chlorite ratio.

In spite of uncertainties in the precise location of the maximum
temperature zone in the garnet, the range of composition for the
maximum temperature zone ls smaller, in a given thin section, than
for the edge. This indicates that the area of total equilibrium in
a given rock was greater at the maximum temperature than in the rock
as presently seen.

Although most of the garnet porphyroblasts grew under the influ-
ence of a single metamorphic e&ent, garnet collected from near stocks,
which were intruded after the main batholith, show the influence of
the second metamorphic event in their z&ning pattern. Such patterns
could be applied to other metamorphic areas, where clear-cut evidence
of two metamorphic histories is lacking, to determine how many meta-
morphic events were involved.

The fact that garnet porphyroblasts are zoned indicates that
they may remain unreactive if a sequence of reactions takes them out
of equilibrium with the rest of the minerals in the rock. Thus it is

possible for a garnet to remain as an inert phase in an assemblage
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with which it is not in equilibrium. The same 1s probably true for
staurolite and the aluminum silicates. This concept may explain
occurrences of rocks with more phases than would be predicted by
the phase rule.

The Kwoiek Area is not the only one in the world with zoned
garnets. Many of the garnet standards used for this work, collected
- from several different localities, were zoned; and zoned garnets
have been reported from other areas (Banno, 1965; Evans, 1965; Albee,
et al., 1966). Unzoned garnet porphyroblasts do not necessarily mean
the Rayleigh depletion model is not important as they can be explained
by either a low Mn content in the rock or by a small proportion of
garnet relative to the other ferromagnesian minerals.

A constant pressure sequence of polymorphic changes from agndalu-
site to kyanite to sillimanite was documented, and, since this sequence
cannot take place at constant pressure with increasing temperature, the
initial metastable formation of andalusite is inferred.‘ The fact that
metastable andalusite can be documented ;n one ares may mean that
andalusite occurring in other contact metamorphic areas is also meta-

stable.
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APPENDIX

Mineral Abbreviations Used in the Text

Mineral

Chlorite

- Garnet (almandite)
Staurolite
Aluminum silicate
Andalusite
Sillimanite
Kyanite

Muscovite
Actinolite
Amphibole
Hornblende
Epidote
Clinozoisite
Calcite

Biotite
Plagioclase feldspar
- Ilmenite

Quartz

Graphite

Cordierite

Abbreviation

chl
gar
stl
Al-silicate (or Al)
and
silli
ky
musc
act
amph
hbl
ep

&%
calc
bio
plag
ilm
qtz
graph

cord
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Assemblages of Metamorphic Samples Discussed in Text

Sample no. Musc Chl

10

Lo
1544
154B
165A
165G
173
i
188A
188B
188¢
222
272
31k
320B
350A
350B
350C
350D
JoUF
362B
370A
370B
371C
2
37k
375
377C
382
384
410

(5} =
- X
= N
4,
- =
] %
x) o
(x) x
() -
I -
= X

Bio Gar Stl Al-gsilicate Ilm Graph FEp

X b'd - - X x
% X X ky b4 X
% bd - - X P
X X - - X -
X X b - X X
X X % - X X
X X X and X X
X X e and X %
X X - - X X
X X X and-silli x X
X X - - x =
ol X - - b'e b'q
b'e X - - b'd b'd
X X X si11i b'd X
X X X ky-silli-and x pie
X X % - X ble
X e b4 - X X
b'¢ X X ky X X
X X X - bd X
by & % - X X
b X X - X bd
b'q i b ky-si11i X X
X b'd bd - X X
b X X ky X bie
b'q b'd b4 ky X X
X X % - X X
X x X - X b'd
X 3 b'd s111i X X
X b'd X - X %
X X X - X X
x x (x) gilli x x

Quartz and plagioclase in all samples. Pyrrhotite, pyrite,
tourmaline, apatite, and zircon can be present.

X

- ¥
°

(x):

mineral present in assemblage

mineral absent from assemblage

mineral present but not part of
stable assemblage
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Analytical Technique

The microprobe and accessories.

The analyses were made on a three-channel Applied Research
ILaboratory microprobe (model FMX) equipped with a pulse height
amplifier on each channel. LiF crystals were used on two channels
for analyzing Mn and Fe; KAP was used on the third channel for the
: analysis‘of Mg. Ca, Ti, and Zn were analyzed with ILiF crystals,
and Si and Al were analyzed on ADP and KAP crystals, respectively;
Data Vas printed out on an I.B.M. electric typeprintef. Prior to
September 15, 1965, all three channels had sealed-proportional
gas-counter detectors. After that date, a continuous-flow gas-
counter detector was installed on the channel with the KAP crystal.
However, most of the data for this thesis was collected before
September 15, 1965.' The continuous-flow detector has the advantage
of giving considerably higher counting rates for Mg than the propor-

tional counter.

Polishing technique.

Mineral grains were mounted in epoxy resin in one-quarter inch
brass tubes. These tubes were given a rough polish on grit papers
down to 600 grit emery paper. Final polish was accomplished in 2k
hours on a Fisher vibratory polisher using one-quarter micron alumina
as an abrasive.

Polished thin sections were made by Mr. Rudolf Von Huene of

Caltech. From the polished section, a one-inch disk was cut using
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a diamond drill press. The polish was seldom entirely satisfactory
over the whole thin section but was satisfactory over a sufficient

area to measure reliable data.

Carbon coating.

To make the sample conducting, a thin coating of graphite was
sputtered on the sample in an evacuated bell-jar. Precise control
on carbon thickness was not possible, but it was found that counting
rates were unchanged for any thickness greater than that which gives

a purple color to a brass surface.

Experimental conditions.

Because the counting rates for Mg are lower than for Fe and Ma,
conditions were chosen which gave the maximum counting rate for Mg
without destruction of the sample. Mg counts increase with increasing
voltage for a given sample current reading until a maximum of 25 KV,
after which the counting rate decreases with higher voltage. Although
25 KV was chosen as the operating voltage, this decreased filament
life so markedly that it is suggested that 15 or 20 KV's might be a
more convenient voltage, especially since higher counting rates for
Mg are now possible with the continuous-flow gas-counter detector.

Different minerals burn up at different sample currents for a
given spot size. With the 2 micron spot size used in this work, the
micas, which are the most susceptible to destruction, are not destroyed
in runs of several minutes at a sample current of .06 Ma . Sample

currents greater than .06 Ma produce increasingly more rapid burnoffs
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of the micas. Garnet and staurolite can tolerate sample currents
between .1 and .2 W a with small spot sizes; however, for compara-
tive purposes it is useful to use a constant sample current reaaing
for all minerals.

The current readings of .06 U a were made on each sample and
not on some reference mineral. Single analyses of 10 seconds each
were made on individual points in a profile. When analyzing grain
mounts or individual spots on a grain in a thin section, two repeats
of 10 seconds each were made on a spot. The analysis of analyzed
standards for the calibration curves consisted of 2 10-second
repeats on each of at least 20 grains or spots within grains when

less than 20 grains were available.
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Standards

Although it is theoretically possible to calculate the weight
percent of the oxides from the raw data alone, using synthetic mat-
erials of precisely known composiﬁion (Smith, 1965), it is less
tedious to use working curves for each of the mineral groups based
on chemically analyzed samples of minerals. In order to use working
curves, only two corrections on the raw data are needed: background
and interday normalization.

Figures 52-58 are calibration curves for the elements studied
for five metamorphic minerals found in the Kwoiek Area plus one
other, chloritoid. Table 14 gives the localities and the references
to analyses for each mineral. All the Mn, Fe, and Mg data were
collected over two days, Oct. 12-13, 1965. The Ti data were collected
Jan. 20, 1966, the Al and Si data Jan. 28-29, 1966, and the Ca data
April 24, 1965. Comparisons can be made directly to these charts by
subtracting background, correcting for interday variations, and by
normalizing to any of the specific minerals analyzed. The necessary
correction factors are given in Table 15. Chl 10gq was used as the
interday reference for Mn, Fe, and Mg because (l) it has enough Mn,

Fe, and Mg to give satisfactory counting rates, and (2) it is relatively
homogeneous, although not ideally so. Because of the small inhomogene-
ities in chl 10q ten grains were analyzed before each run and the same
10 grains after each run. These same 10 grains were analyzed for inter-

day reference on each run throughout the course of this study. The 10



Figs. 52 - 58.
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Calibration curves for translating background-
corrected, normalized counting rates to weight
percent of Mn, Fe, Mg, Ca, Ti, Si, and Al for
staurolite (8), garnet (G), biotite (B),
chlorite (C), chloritoid (CT), and cordierite
(cay, Where.two or more calibration curves are
on the same figure, the mineral symbols are

used to distinguish them.
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Table 14

Samples Used for Microprobe Standards

Garnet Locality Reference

B3 Sturbridge, Mass. Barker (1962)

el Cortlandt, N.Y. Barker (unpublished)

6-3 ' Gore Mt., Vt. Chodos (unpublished)

G-L Errol quad, N.H. Green (1963) ER-101 (zoned)

G-5 Errol quad, N.H. Green (1963) D-2 (zoned)

G-6 Valle Codera, Italy Barker (unpublished)

o Lincoln Mt., Vt. Albee (1965) LA-23a (zoned)

-8 Nuevo Laredo, Mexico Chodos (unpublished)

G-9 Ward Creek, Calif. Lee, et al. (1963) 50-cz=59 (zoned)

G-10 Lincoln Mt., Vt. AMbee (1965) LA-3ka (zoned)

G-11 Lincoln Mt., Vt. Albee (1965) LA-10p (zoned)
Biotite

B-1 Cortlandt, N.Y. Barker (unpublished)

B-2 Sturbridge, Mass. Barker (1962)

B3 Mason Mt., N.C. Barker (1961)

Bl Lincoln Mt., Vt. Albee (1965) LA-168

B-5 Lithonia, Ga. Silver (unpublished)

Bl Errol quad, N.H. . Green (1963) ER-101
Chlorite

ol Lincoln Mt., Vt. Albee (1965) LA-10q

-2 Lincoln Mt., Vt. Alvee (1965) LA-10k

C-3 Lincoln Mt., Vt. Albee (1965) LA-10p

-1 Lincoln Mt., Vt. Albee (1965) LA-25c

c-5 Belvidere Mt., Vt. Albee (unpublished)
Staurolite ‘ -

S-1 Errol quad., N.H. Green (1963) D-2 (zoned)

) Errol quad., N.H. Green (1963) ER-101 (zoned)

53 Co. Galway, Eire Leake (1958)
Chloritoid

CT-1 Lincoln Mt., Vt. Albee (1965) LA-10k

CT-2 Lincoln Mt., Vt. Albee (1965) LA-23a

CT-3 Lincoln Mt., Vt. Albee (1965) LA-25c

CT-4 Lincoln Mt., Vt. Albee (1965) LA-10p
Cordierite

ca-1 Sturbridge, Mass. Barker (1962)

ca-2 Cortlandt, N.Y. Barker (unpublished)
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grains were normalized to the average counting rates of 25 randoﬁ
grains.

It can be seen in Figs. 52-58 that the best-fit curves for
each mineral do not coincide exactly. This is because the posi-
tions of the curves are dependent on the absorbent qualities of
each mineral for the radiation of each element and also on the
mean atomic number. The curves are expected to be curved and not
strailght because the absorbent properties and mean atomic number
of each mineral changes systematically with substitution of Fe
and Mn for Mg.

For some of the curves there is considerable scatter. Some
of this scatter is probably due to errors in the chemical analyses
(most probable in the case of staurolite), some due to the aliquot
of mineral analyzed with the microprobe not the same as that which
was chemically analyzed (possibly true for S-1 and S-2), and some
due to inhomogeneity of the mineral. This last source of error may
apply to the garnets, some of which are strongly zoned, so that 20
points may not be a good statistical average; in Figs. 52-58 only
the most homogeneous garnets are shown. Another source of error for
the garnets is that they are not binary solutions but rather are
solid solutions of at least four end members, each with its own
absorbent, flourescent, and mean atomic number characteristics.

No further attempt was made to refine the calibration curves for
this study because the mineral compositional variations and petrologic

problems can be understood without knowing the precise weight percent
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of the elementé. Only nine total analyses were made, five on garnet
and four on a single zoned staurolite grain. The analyses gave
reasonable totals but it is emphasized that the iron céntent of the
garnet and the aluminum and silicon contents of the garnet and

staurolite are the most likely to be the source of large error.
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