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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 port i on 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 - epidote + biotite 

2. chlorite + carbonate -actinolite + epidote 

3. chlorite + muscovite --o- garnet + biotite 

4. chlorite + epidote __.garnet + hornblende 

5. chlorite + muscovite - garnet + staurolite + biotite 

6. chlorite + muscovite ---Q> a luminum silicate + biotite 

7. muscovite + staurolite~garnet +aluminum silicate + biotite 

8. staurolite -----o-garnet + a luminum silicate 

Continuous reactions, occurring between reactions 5 and 7, are : 

A. chlorite + (high Ti) biotite + Al2 03 (from plagioclase?) 

garnet + staurolite + (low Ti) biotite + 02 

B. muscovite (phengitic ).......,garnet + staurolite +muscovite (less 

phengitic) + 02 (?) 

Detailed electron microprobe work on garnet, staurolite, biotite, 
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and chlorite shows that: 

(1) The garnet porphyroblasts are zoned accor Qing to a depletion 

mode l , 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 zoning patterns. 

(3) During a late period of falling temperature garnet continued 

to grow and the biotite and chlorite reequilibrated. The biotite, 

chlorite, and 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. 

(4) 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 Ala03 - KaO - 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 homoge neous minerals (if there are two) and not within three

or four-phase fields when a zoned mineral, such as garnet or stauro

li te, is present in the assemblage. 

Study 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 trans i tion 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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I:NTRODUCTION 

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 

Kwoiek Area of southern British Columbia, was chosen which, on the 

basis of earlier reconaissance 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 is 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 their 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 weight of samples collected determined the 

length of time spent in any pa.rt of the area, because the samples 

had to be backpacked out to the road for distances ranging between 

one and three days 1 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 a.bout 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 

meta.morphism and of the different rock types. Specific areas which 

appeared to be most favorably suited for the study of the processes 

by which a rock recrystallizes during metamorphism were then investi

gated in greater detail by cutting the additional thin sections. The 

40 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 out line of the analytic work was as follows I 

(1) A single meta.sedimentary rock whose assemblage contained the maximum 

number of coexisting minerals found in the Kwoiek .Area, and which was 

common to the Kwoiek .Area, was selected for a detailed 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 (1) and (2), above. 
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GEOLOGIC DESCRIP.UON 

Introduction 

The Kwoiek Area is defined by the outline of a roof pendant or 

screen located on the eastern flank of the Coast Range Batholith, 

British Columbia, Canada. Extending northwesterly from North Bend, 

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

miles in width (Fig. 1) . 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 is entirely surrounded by hornblende

biotite or biotite 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) is exceed

ingly poor and the full benefit of the 9000 feet of relief cannot be 

realized. Exposure above 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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Su MS Summit Min. Stock 
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NS Nipple Slack 

410• Samp le loeollfy, see !oat 
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I 
N 

SB 

Geographic limits of the Kwoiek A:rea, showing locations of 
stocks, batholiths, major serpentinite body, sample numbers 
mentioned in text, and locations of A12Si0

5 
anhydrous 

polymorphs. Outlined area same as Figs . 2 and 4. 



-6-

to be regarded as preliminary only and not the major contribution of 

this work . 

Several major geologic features in the Kwoiek 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 Hope Map 

Sheet (Cairns, 1942) . 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 Kwoiek 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 similarit i es are discussed in the appropriate 

places below; however , the ages of the similar named units are also 

uncertain . The rocks southeast of the Kwoiek Area and on the same 

structural trend as the roof pendant have been assigned ages ranging 

from Permo- Ca.rboniferous to ( ?) IDwer 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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Fig. 3. Structure section along line A - A' of Fig. 2, showing 

inferred relations of stratified rocks to the ~uartz 

diorite intrusives. 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, 1964). 

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 mapped as the Iadner 

Group (Upper Jurassic or ( ?) Lower Cretaceous) on the Hope Map Sheet 

( Cairne s, 1942) . 

The other locality is l~ miles southeast of Kwoiek 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 

t o the Iadner Group (Cairnes, 1942) and the Brew Group (Duffell and 

McTaggert, 1952), except that the similar units of the Iadner Group 

contain 10-20 percent CaC03 whereas the graded beds south of Kwoiek 

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 pillows 

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 

metasedimentary 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 Kwoiek 

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 all essen

tially greywacke. However, three criteria were found use:ful 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 
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Table 1 

Generalized Succession of Units in the Kwoiek Area 

Unit 

Calcic greywacke (upper) 
(top not exposed) 

Graphitic argillite 

Calcic greywacke (lower) 

Amphibolite (upper) 

Greywacke (upper) 
(conglomeratic greywacke unit , 
0 - 1000 feet , near top) 

Amphibolite (lower) 

Greywacke (lower) 
(bottom not exposed) 

Range of thickness (feet) 

> 2500 

1000 - 7000 

1500 - 2500 

0 - 1500 

3500 - 4ooo 

1000 - 2000 

) 2000 
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Stock and west of Murphy Lake . These beds a.re thought to be metamor

phosed pyrocla.stic 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, is similar to that of the meta.volcanic 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 

Meta.sedimentary 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 basis for describing the other rock types. In the Kwoiek 

Area most of the rock types occur in an aJJnost 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 identified in even the highest grades of 

metamorphism. It is only obliterated with the development of migmatite . 

The rock consists of dark-grey, fine-grained beds, typically less than 

4 mm. thick, and rarely as much as 5 cm . thick, alternating with light

grey, coarser-grained beds of the same thickness range (plate 1). 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-grained 

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 is 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 orientation 

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 greywacke and 

appears to have the mineral content of the greywacke 1 s matrix except 

that abundant graphite is present. Graphite-rich layers with 75 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) elastic grain size or is a product of recrystalliza

tion. A rock was classified as 11 graphitic 11 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 argillite. 

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. Q;uartzite clasts are 

common. 
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Meta.sedimentary 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 

easily 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, 11 or doubly 60° twinned staurolite 

grains, were observed . The chlorite in the higher metamorphic 

grades maintains its non-preferred orientation, the biotite ( .2 to 

.5 rmn.) 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 

suitable 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 unaided eye . 

Typical localities of the various rock types are as follows : 

The greywacke occurs in well- exposed outcrops west and east (Plate 1) 

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 a.rgi llite is well exposed near the 

mouth of the Nahatlatch River as well as on the ridge south of Pyramid 

Mountain. 

Metavolcanic rocks . 

The metavolcanic rocks ) or amphiboli tes 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 contain essentially the same minerals where

ever found . The minerals are) in approximate order of decreasing 

abundance , amphibole , plagioclase, biotite , epidote, quartz, and garnet . 
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0paques, 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 associated 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 epidote 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 is poor, pillows could not be identi

fied . 

Serpentinite . 

Serpentinite bodies are connnon in the Kwoiek .A:rea and occur in 

all of the mapped units . Most of the bodies are l ess 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 i s composed primarily 

of the serpentine minerals with rare chromite and magnetite pods . At 

its boundaries, where visible, reaction with the country rock is 

apparent . 

Intense shearing within the serpentinite is connnon 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 olivine or pyroxene was not identified j 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 Kwoiek Area as well as along the Fraser River. 

These boulders undoubtedly were weathered from the serpentinite of 

the Kwoiek Area and other serpentinite bodies 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 lake. Commonly associated with the serpentinite is 

a coarse-grained hornblende diorite, containing, where urunetamorphosed, 

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 diorite 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 allotri

omorphic granular. There is no chilling at the marginsj in fact, 

the border phase of the intrusives, a muscovite quartz-diorite, is 

coarser grained than the normal biotite or hornblende - biotite quartz 
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diori te. 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 

a.northite content. Most of the strongly-zoned feldspar grains are 

oscillatory 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 

possibl e contamination . 

Gneissic and migma.titic rocks. 

The greywacke units become gneissic and migmatitic within a 

quarter mile of the Southern Batholith contact, between the junction 

of Murphy lake Stock with the Southern Ba.tholith and the area south 

of Kwoiek Needle Stock . Grain size i ncreases abruptly, and bedding 

gives way to gneissosity 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 - grained (0.5 -1 nrrn.) qua.rtz-plagioclase rock. The quart zo

feldspathic fractions can constitute 10-25 percent of a typical outcrop. 

Assemblages of three migmatite specimens, 314, 377c, and 410, are given 

in the Appendix. I n 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 oscillatory-zoned 

plagioclase in both biotite and quartzo- feldspathic layers. The 

occurrences of multiply-twinned and oscillatory-zoned plagioclase 

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 

dikesj 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 intrus ion of the batholi th, an 

inferred northwest trending fault, which i s believed to be related to 

the intrusion of the serpentinite, and northerly-trending faults along 

the east side of the Fraser Ri ver, which are later than the i ntrusion 

of the batholith. The l atter f eature, 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 Kwoiek Needle (Fig . 2) and appears to wrap around 

Kwoiek Needle and head northwest. However, a glacier on the north side 
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of Kwoiek Needle and the general inaccessibility of the region around 

Frigid lake makes its northwestward extension uncertain. The amphibo

lite, containing pillow structure, encountered on a traverse west of 

Murphy lake, 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 entire 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 Peal~ Stock. .Amphibolite was found just north 

of Hanna I.al~e, at two places up Kookipi Creek, and at numerous places 

along the east s i de of Hanna Peak Stock. The distribution of the am

phibolite is cons istent with the interpretation of an anticline with 

its axi s nearly parallel and coincident with the long axis of Hanna 

Peak Stock. 

The generally low easterly dipping (15°-50° ) beds between the 

serpent inite and the upper amphibolite and the s t eeply 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 conj ectura.l 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 a 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 i s the result of the intrusion of the 

batholith and the stocks. This interpretation is primarily the 

result of observations on the change of att i tude of bedding and folia

tion as one approaches a. stock or batholith contact. The attitudes 

tend to parallel the contact near it, whereas the attitudes away from 

the contact can be at any angle to the contact. Well-documented 

examples of this a.re at the southern end of Hanna Peak Stock, northern 

end of Granite Mountain Stock, and the western edge of Kwoiek Needl e 

Stock ( see Fig. 2) . Attitudes more than a quarter of a mile away from 

the stocks tend t o parallel the Southern and Northern Batholith con

tacts. l n detail, however, the stocks do cross- cut bedding. 

Although the structural evidence strongly suggests the intruding 

stocks ma.de room for t hemselves 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 REACTIONS 

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 a.re a.long 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

lith contact. The grade at the contacts of the stocks close to the 

Southern Batholith contact is higher than that around the stocks 

closer to the center of the pendant . For example, the grade ori the 

northeastern side of the Kwoiek Needle and Hanna Peak Stocks (KNS 

and RPS on Fig . 4) is greater than around Granite Mountain (GMS) or 

Summit Mountain Stocks (SuMS). The grade at the Northern Batholith 

(NB) contact is greater than that around Summit Mountain or Granite 

Mountain Stocks but is close to that at the northeastern contact of 

Hanna Peak Stock. 

The isograds mapped are not simply the lines enclosing all occur

rences of a given index mineral but represent the surface traces of 

metamorphic r eaction surfaces. Isograd 2 on Fig . 4 does enclose all 

occurrences of garnet a.s 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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near ly coincident with isograd 6. 

The isograds mapped in the Kwoiek Area are separated into two 

distinct 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 Kwoiek 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) r ocks 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 t wo i sograds can 

be mapped in the low-Ca rocks in this interval, and t wo more must exist 

but are not mappable due to paucity of .r ocks with appropriate composi

tion. Hence, isograds in high-Ca rocks are most usef ul in lower grade 

regions and isograds in low-Ca rocks ar e 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 

work. 

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 is 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 4 and 7. 

Reactions in High-Ca Rocks 

Eskola (1920) based his classic faci~s concept on the metamorphic 

minerals developed in rocks of basaltic composition. Little defini

tive work has been done since that time to establish a detailed 

sequence of reactions in basaltic or high-Ca rocks, although facies 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 t o study react ions in high-Ca rocks 

because high-Ca rock compositions are found continuously from the 

quartz - albite - muscovite - chlorite subfaci es of the greenschist 

facies to the sillimanite - alrnandine - muscovite subfacies of the 

alrnandine - 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 Area. 

Changes in the topology of the phase diagrams with increasing 

grade of metamorphism will define an isogra,d for which a reaction 

can be written. 

Graphical treatment of the high-Ca assembl ages is difficult. 

Even in the presence of quartz and with f-1~o and µC
02 

asswned exter

nally controlled (Thompson, 1957), there are s ix components that are 

simplifying assumptions must be made. The first is that there is 

only one important Na2 0-bearing phase in the rocks, plagioc lase , 

which occurs in all assemblages so that Na2 0 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 is believed to 

be valid for chlorite, biotite, and calcic amphibole but breaks down 

with the appearance of garnet. These two asswnptions reduce the total 

number of effective components to four, Al2 03, K20, Feo+MgO and CaO, 

which can f orm the corners of a tetrahedron. This tetrahedron is 

shown in Fig. 5· Figures 5a, 5b, and 5c 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 solut ion, a simple phase diagram cannot be drawn, 
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Fig . 5. ACKF tetrahedra showing four-phase assemblages of 

low-Ca rocks of bl ocks A, B, and C (Tables 3 and 4) . 
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and it becomes convenient to represent the assemblage changes with 

metamorphic grade tabularly, as in Table 3. 

The several gr oups of minerals l isted f r om le~ to right on 

Table 3 are coexi sting 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 i n the direction of 

increasing temperatures (for example from block A to block B) a 

reaction must take place that involves the breaking of tie - lines on 

Fig. 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. Not all 

assemblages will change f rom one block to another , and assemblages 

in higher temperature blocks can be produced by more than one pat h, 

originating from initially different assemblages . For examp l e, the 

chl - carb - ep - muse and the chl - ·bio - act - carb assemblages can 

both l ead to the chl - ep - bio - act assemblage. The reactions 

between blocks a r e isograds and can be mapped. On Fig . 4 the isograds 

are labeled by the block symbol (letters f or high- Ca rocks and numbers 

for low-Ca rocks ) of the higher grade group of assemblages. Table 4 

shows the list of all assemblages found, the number of rocks of each 

assemblage found, and a number keyed to sample loca lities on Fig. 4 

(the numbers in parentheses on Fig. 4) . 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 

Block 

A 

B 

c 

C' 

D 

chl chl chl 
carb carb bio 
ep bio act I 

muse muse ca rb 
I ( B) , chl + carb + 

chl chl carb chl muse ~ 
carb ep ep bio ep + bio 
ep bio bio act 
bio muse muse carb 

I 
I 

I I I I I ( c) chl + carb ~ 
chl carb chl carb bio act act + ep . 
ep ep ep ep act ep 
bio bio bio bio ep chl 
act act muse muse carb bio 
I I I I I I ( C' ) chl +muse -7 

chl car b gar carb bio act gar + bio 
ep ep ep ep act ep 
bio bio bio bio ep chl 
act act muse muse carb bio 

I I 
chl 

I I I (D) I chl + ep ~ 
I I gar + hbl chl carb chl ep carb bio chl 

bio ep bio bio ep act bio 
ep bio muse muse bio ep ep 
hbl hbl gar gar muse carb hbl 
gar hbl hbl gar 

The assembl ages in each block can coexist at the same 
metamorphic grade, which increases by blocks f rom top to 
bottom. Tne r eactions between blocks are indicated, and 
letters in parentheses refer to isograds mapped on Fig. 4. 
Lines connect assemblages related by the reactions. 
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Table 4 

Assemblages in High-Ca Rocks Observed in the Kwoiek 

Area and Number of Specimens Observed with Each Assemblage 

Ass em- Number 
Block blage Assemblage specimens 

number found 

AB 30 chl carb 1 
A 31 muse chl carb 8 
ABCC' 32 muse chl ep 7 
A 33 muse chl carb ep 7 
A 34 muse chl carb bio 1 
AB 35 chl carb bio 1 
AB 36 chl carb a mph 1 
B 37 chl carb ep bio 1 
BC? 38 chl carb ep bio a mph 1 
ABCC ' D 39 bio a mph 5 
ABCC'D 40 chl bio amph 7 
BCC' 41 muse chl ep bio 10 
BCC 'D 42 chl ep bio 4 
CC ' D 43 ep amph 5 
CC'D 44 chl ep amph 4 
CC'D 45 ep bio a mph 4 
CC'D 46 chl ep bio a mph 7 
CC'D 47 carb ep bio amph 1 
C'D 48 chl ep bio gar 1 
C'D 49 muse ep bio gar 1 
C' 50 muse chl ep gar 2 
C' 51 muse chl ep bio gar 3 
D 52 muse chl bio a mph 1 
D? 53 muse chl ep bio a mph 1 
D 54 a mph gar 4 
D 55 bio a mph gar 8 
D 56 muse ep bio amph gar 2 
D 57 ep bio a mph gar 2 
D 58 chl ep a mph gar 1 
D 59 chl bio amph gar 7 
D 60 muse chl bio a mph gar 1 
D? 61 muse chl ep bio a mph gar 1 
E 62 bio a mph calcic 1 

pyroxene 

Block letters refer to blocks of Tabl e 3 which contain the 
assemblage. The assemblage number is keyed to the isograd 
map, Fig . 4. All assemblages contain 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. Possible assemblages outside the 

volume calc - ep - muse - chl - bio - act of Fig. 5 are not consider ed 

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 ar e common. 

In rocks closer to a heat source than those of block A, the three 

minerals chl - carb - muse 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 

(muscovi te) 

(biotite ) 

must have taken place. 

(chlorite) 

+ 32CaC03 + 21Si02 

(calcite) (quartz) 

(epi dote ) 

+ 32C02 + 281-J,;, 0 
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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 

react i on of the type 

(2) 3(Fe,Mg) 5Al 2Si3Qo(OH)s + lOCaC03 + 21Si02 

(chl orite) (calcite) (quartz ) 

--~~ 3Ca2(Fe,Mg)5Sis022(0H);a + 2Ca2Al3 (Si04 )30H 

(actinolite ) (epidote) 

has taken place. 

Equation (2) is represented in Fig . 4 as isograd c. 

The next apparent change of mineralogy is the appearance of 

garnet by the reaction 

(3) muse + chl. ~gar + bio 

This reaction will be discussed in the next sect ion as it properly 

belongs to the low- Ca reaction series. I t is i mportant to mention 

here because i t does occur at a lower grade than the next reaction 

which involves the appearance of hornblende with garnet. 

With t he appearance of hornblende and garnet together, epidote 

and chlorite do not appear s t ably together, thus suggest ing a reaction 
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of the type 

( 4) 8(Fe ,Mg)5Al2 Si3 Oi.0 ( OH)e + 22Ca2 Al3 (Si04 ) 30H 

( chlorite ) (epidote ) 

+ 7NaA1Si30e + 3Si0.a _. 4(Fe,Mg)3Al2 (Si04 )3 

(albite) (garnet ) 

+ 7NaCa2 (Fe,Mg) 4 A1Al2 Si602 2 ( OH)2 + 30CaA12 Si20e 

(hornblende) (anorthite ) 

This reaction i s represented as i sograd 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 i ncrease in anorthite content and the amphibole will be 

more like a true hornblende than the actinolite of the lower grade 

rocks. These predictions ar e supported by changes in optical proper-

ties of the phases. The plagioclase has a distinctly higher relief 

than that in block C assembl ages, and the amphibole pleochroism in 

the z d irection becomes a darker green than in the lower grade 

amphiboles. 

As can be seen in Table 4, not every assemblage is diagnostic of 

a particular block. Fewer phases than those l i s t ed for each assembl age 

may be present , thus increasing the ambiguities of determining by the 

assemblage which block a particular rock belonged to. I t is possible, 
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however, to fix the isograds within general limits by comparing 

different assemblages from r ocks collected close to one another. 

For example, the assemblage chl - bio - muse - ep can occur i n 

block B or C and the bio - ep - amph assemblage can occur in block 

C or D. If the two assemblages a.r e collected from adjacent out -

crops, it is clear that they both belong to block C as they both 

overlap this block. 

Reactions in Low-Ca Rocks. 

In the lower metamorphic grades of the Kwoiek Area the low - Ca 

rocks might be c lassified as pelitic s ince they consist predominantly 

of quartz, muscovite, and chlorite . However, in the higher gr ade 

rocks, mar ked by the appear ance of staurolite, primary muscovite is 

generally absent and the most common assemblage is chl - bio - stl 

- gar with quartz, plagioclase, ilmenite, and graphi te. I n the rare 

cases where primary muscovite is present with staurolite or an alumi-

num silicate, chlorite is absent. 

The term II • 11 primary muscovite was used above to distingui sh the 

muscovite in rocks, in which it is abundant, is oriented a long folia-

tion planes, and has a grai n 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 mar gins. This type can occur anywhere in the Kwoiek 

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 t he fol ia-

tion as well as other minerals in the rock . A discussion of the 

signi ficance of the non-primary muscovite types is given at the end 

of this section . 

Plagioclase is abundant in the high grade pe litic rocks but the 

absolute amount present i s difficult to determine due to its very 

small size (< .05 mm.). I t probably makes up on the order of 25 

percent of t he quartzo-fe l dspathic fraction in most cases. The 

plagioclase compositions in Table 5 ar e based on microprobe analysis 

f or CaO. Plagioclase was abundant in all but sample #10 whi ch con-

tained only a t race. Assemblages of the specimens a r e listed in the 

Appendix. I t is not known why t he compositions of individual grains) 

which are nearly homogeneous) vary s o much from point to point in a 

thin section . 

Table 5 

Sample Number Anorthite Contents 

154a 28) 30 ) 31) 34) 35, 35, 46 
10 8, lOJ 17) 22, 23 

350B 31, 28 ( edge ) - 31 (center ) 

371c 39 

The observed mineral assemblages and the compositions of the 

coexi sting phases are in the K,zO - Al2 03 - FeO - MgO system; muscovite-

bearing assemblages may be shown on a projection from muscovite 
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Fig. 6. Geometric relations for deriving AFM diagram of Fig. 7 

using biotite (K Fe1 .
5

Mg1 .
5
Alsi3ol0 (0H) 2) as a 

projection point. The three corners of the biotite 

projections of Fig. 7 are the rrru.scovite composition 

projected onto the KAl2 - Fe
3
Al2 - Mg

3
Al2 plane, 

Fe
3
Al

2
, and Mg

3
Al

2
. 
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Fig. 6. 
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(Thompson, 1957), and biotite-bearing assemblages may be shown on a 

projection from biotite as shown in Figs. 6 and 7. The projection 

of Figs. 6 and 7 is used because most of the assemblages above the 

staurolite grade do not contain muscovite, but all the low -Ca rocks 

of the Kwoiek Area, above the biotite grade, contain biot ite. 

A three -phase assemblage on either projection would contain the 

variant in P, T, and aH
2

0 so long as any additional phases introduce 

a uew component, and as long as any additional component i ntroduces 

a new phase. Plagioclase, ep i dote, graphite, tourmaline, apatite , 

pyr ite, pyrrhotite, or zircon may or may not be present above the 

garnet grade in any assemblage, but in each case they i nt roduce an 

additional component. The MnO and Fe2 03 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 . 

Tab l e 6 shows the mineral assemblages observed in the low- Ca 

rocks of the Kwoiek Area. The locations of crit i cal assemblages for 

the defini ng of isograds are shown in Fig. 4 in a similar manner as 

for the high- Ca rocks. However, numbers a.re used for the block sym-

bols rather than letters . All the possible assemblage s that could be 

found in a rock whose initial composition is within the gar - chl -

muse - bio volume are shown in Table 7, which is anal ogous to Table 3 

for the high-Ca r ocks. The reactions between bl ocks listed i n Table 7 

correspond to the changes of topology between the phase diagr ams of 



Block 

1 - 7 
1 - 7 
1 - 7 
1 - 7 
1 - 7 
2 - 7 
2 - 7 
2 - 7 
2 
2 
3 - 5 
3 - 5 
3 - 6 
3 - 7 
3 - 7 
4 
5 
5 - 6 
5 - 7 
5 - 7 
6 - 7 
6 
6 
6 
6 
6 
6 
? 

7 
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Table 6 

Assemblages in Low-Ca Rocks Observed in the Kwoiek 

Area and Number of Specimens Observed with Each Assemblage 

Ass em- Number 
blage Assemblage specimens 

number 

1 muse chl 
2 muse bio 
3 bio 
4 muse chl bio 
5 chl bio 
6 musc(l) bio gar 
7 bio gar 
8 chl bio gar 
9 muse chl gar 

10 musc(l) chl bio gar 
11 (muse) bio stl 
12 musc(2) bio gar stl 
13 bio gar stl 
14 chl bio gar stl 
15 (muse) chl bio gar stl 
16 musc(l) chl bio stl 
17 (muse) bio stl ky 
18 chl bio stl and 
19 (muse) bio and 
20 bio silli 
21 (muse) bio gar silli 
22 (muse) bio gar stl ky and silli 
23 (muse) bio gar stl and silli 
24 (muse) bio gar stl ky 
25 bio gar stl ky 
26 bio gar stl ky silli 
27 (muse) bio gar stl silli 
28 bio stl and cord 
29 chl bio gar silli 

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, 
ilmenite, and graphite as additional phases. 

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

found 

8 
3 
2 

16 
1 

10 
4 

17 
1 

24 
1 
5 
4 

21 
5 
3 
1 
1 
1 
1 
1 
1 
1 
4 
1 
1 
2 
1 
1 

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



-47-
Table 7 

Coexisting Assemblages with Increasing Metamorphic Grade 

Block 
in Low-Ca Rocks 

1 

2 

3 

4 

5 

6 

7 

chl 
muse 
bio 
I I (2) muse + ehl ~ 

chl chl gar + bio 
muse muse 
bio gar 

I bio 
I 

I ( 3) muse + chl -7 
chl chl muse gar + stl + bio 
muse gar gar 
bio bio bio 

stl stl 
I I ( 4) muse + chl ~ 

chl chl chl muse stl + bio 
muse muse gar gar 
stl bio bio bio 
bio r-i s t l stl 

I I I (5) muse+ ehl ~· 
chl muse chl chl chl mus e Al + bio 
stl stl muse muse gar gar 
bio bio bio bi o bio bio 
Al Al Al I stl stl 
I ~ I I I 

I 
I (6) muse + stl ~ 

chl stl muse chl chl chl gar muse Al + gar + bio 
stl bio bio muse muse gar bio gar 
bio gar gar bio bio bio stl bio 
Al Al Al Al stl Al Al 
I I I I I I I (7) stl-7Al + gar 

chl muse chl chl chl muse 
bio bio bio muse muse gar gar gar 
gar gar gar bio bio bio bio bio 
Al Al Al Al Al Al Al 

The assemblages in each block can coexist at the same 
metamorphic gr ade, which increases by blocks from top to 
bottom. The reactions between blocks are i ndicated, and 
numbers in parentheses refer to isograds mapped on Fig. 4 
and to the react ions discus sed in the text . Lines 
connect assemblages related by the reactions . 

(Note : Al = aluminum silicate) 
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Fig. 7. 

The actual composition of both muscovite and biotite differs 

slightly in the vario:ts assemblages and the projection is made from 

a pure muscovite (KA12A1Si30i_0 (0H)2 ) for the muscovite projection and 

from a biotite composition that contains equal amounts of molar FeO 

and MgO (KFe1 ,5Mg1 .sAl Si30i_o(OH)2 ) for the biotite 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 gjven three-phase assemblage) trivariant in P, T, and aH
20

, and 

could be indicated on the diagram. 

Figures 7a) b, c, 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 is 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 is 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 premise 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 --c;..garnet + biotite 

The detailed reaction is 

(2) 15(Fe,Mg)5Al2Si30i_o(OH)s + 6KAl1 .s7(Fe,Mg) o .sAlSi30i_0(0H)2 + l5Si02 

( chlori te ) (muscovite) (quartz) 

(garnet ) (biotite) 

This reaction marks the first appearance of garnet and is the same as 

r eaction(3)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 biotite 

must be strongly dependent on rock composition as well as T and P, and 

an understanding of the reaction makine; 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 is probably a broad band because of the dependence 

on rock composit ion . Reaction (2), on the other hand, was mapped and 

is shown as isograd 2 on Fig. 4. It i s also dependent on rock composi-

tion, and, therefore, doe s not represent an isotherm; but it i s easy to 
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recognize in the field. 

Reaction (3) -- chlorite + muscovite~staurolite + garnet+ biotite 

The detailed reaction can be broken into the t wo reactions: 

(2) chlori te + muscovite --o- garnet + biotite 

(4) 155(Fe,Mg)5Al2Si30i_o(OH)e + 246KA11.s7 (Fe,Mg)o .5AlSi30i_o(OH)2 

(chlorite ) (muscovite) 

---40(Fe,Mg)4Al1e Sis 04 s ( OH)2 + 246K(Fe,Mg)3AlSi30i_0 ( OH)2 

( staurolite ) (biotite ) 

If the rock were initially too magnesian to produce garnet before 

staurolite, reaction (4) could occur before reaction (3) in rocks of 

the composition being considered her e. 

The important consequence of reaction (3) i s 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 Fe/Fe+Mg ratios of the ferromagnesian minerals 

must r emain cons tant. It cannot be proven whether chlorite or biotite 

obey this criterion but the analytical work on the staurolite shows 

that t he criterion is met for that mineral . A discussion of the stauro

lite zoning and i ts bearing to this argument is given on page l 49ff. 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 i s either 

chl - bio - gar - stl or muse - 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 along1 

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 

(4a) chlorite + (high-Ti ) biotite + Al2 03 --. staurolite + garnet 

+ (low Ti) biotite 

Reaction (4a) can be split into the two reactions 
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(4a-l) 4Fe1 ,5Mg3Al3Si2 .5C\o(OH)e + 69KFeMg2AlSi3(\0 (0H)2 

(chlorite) (biotite) 

+ 34~Al.,03 + 26Si02 -4.5Fe3Mg1Al1s046 (0H);;i 

(quartz) ( staurol i te) 

+ 69KFe,5Mg2 .5AlSi3C\o(OH)2 + 11.5BzO 

( biot ite) 

(4a-2) 4Fe1 ,5Mg3Al3Si2 .5C\o(OI-I)e + 15KFeMg2AlSi3(\0 (0H)2 

(chlorite) (biotite) 

+ 8Si02 __ ..,, 6Fe2 .2sMg,7sAl2Si3012 

(quartz) (garnet) 

+ 15KFe.sMg2 .sAlSi3C\o(OH)2 + 16H20 

(biotite) 

in order to illustrate the approximate r elative 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 in reaction (4a). The problem is to 

maintain growth of both garnet and staurolite in the assemblage gar -

stl - bio - chl - ilm - plag - qtz - 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 biotite or chlorite. A possible 

source for the Al203 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 biotite on 

the reactant side of reaction (L~a) had consistently 10 percent higher 
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Ti content than that on the product sideJ correspaiding to an increase 

in Ti in the stauroliteJ as shown in the staurolite zoning profile of 

Fig. 43. 

Reaction (4a-l) may involve some reduction of Fe as it progresses 

since the total analyses of the staurolite (Table 12) suggest a 

decrease in Fe+ 3 content from the central zone to the outer zone. 

Reduction of Fe+ 3 during progressive metamorphism of rocks containing 

graphite is expectable and is discussed in Part V • 

.An alternative to reaction (4a)J that for the growth of staurolite 

and garnet from the muse - gar - stl - bio assemblage is: 

(4b) muse (phengitic)___.....gar + stl + bio +muse (less phengitic) 

This reaction is difficult to prove analytically because the number of 

rocks of the Kwoiek Area with the muse - stl - gar - bio assemblage is 

small. .Analyses of muscovites in the Kwoiek Area do show significant 

contents of TiJ MgJ and Fe which must be present to produce the ferro -

magnesian minerals garnet) stauroliteJ and biotite . Reaction (4b) may 

also talte place under conditions of i ncreasing r eduction of iron as 

many phengites contain ferric iron . 

Reaction (5) -- chlorite + muscovite----c;... aluminum silicate + biotite 

The detailed reaction is : 

(5) 2Fe1 Mg3 .5Al3Si2 .sOi.o(mI)s + 3KA~Si30i_o(OH) 2 + Si02 

(chlorite) (muscovite ) (quartz) 

---o 6Al2SiOs + 3KFe. 6 7Mg , 33AlSi30i_o(OH)2 + 8H20 

(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 andalusitej 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--o-aluminum silicate + garnet 

+ biotite 

The detailed reaction is 

(6) 3KAl3Si3C\_0 (0H)2 + 3(Fe,Mg)4 Al1sSis04 s(OH)2 + 6Si02 

(muscovite) (staurolite) (quartz ) 

--o 27Al2 Si05 + 2(Fe,Mg)3Al2Si301 2 + 2K(Fe,Mg)3AlSi3C\.o(OH)2+ 5H;aO 

(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 - muse - bio or stl- gar - muse - bio. 

Reaction (7) -- staurolite ~garnet + aluminum silicate 

( 7) 3 (Fe ,Mg)4 All8 Sis 04 s (OH) 2 + 11Si02---<0;> 4(Fe,Mg) 3Al2 Si3012 

(staurolite) (quartz ) (garnet) 

+ 23Al2Si05 + 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 Lake Stock. 

For example, in rock 410, staurolite is present but has been partially 
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resoroed. Several grains of anhedral staurolite can oe 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 out l ine 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 oy 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 is inferred to be the product of 

retrograde reactions of the type: 

stl + bio --P>chl +muse 

or Al-silicate + bio ~ chl + muse 

In the case of the former, the assemblage is changing from, for example, 

a gar - stl - chl - bio stable assemblage to a gar - chl - oio - muse 

assemblage. In the latter case the assemblage is changing from, for 

example, a stl - Al-silicate - chl - oio assemblage to a 
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muse - stl - chl - bio assemblage) or) if staurolite retrogrades 

also) to a muse - 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, KzO must 

be added with a reaction relationshipj or KzO and Al2 03, with the pro

portions of muscovite, must be added. A possible reaction relationship 

could be K2 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 K2 0 to be an introduced component. 
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Fig. 8. Melting relations in the system KAlSi
3
o8 - H20 (after Seki 

and Kennedy, 1965) . Fluid1 has the composition 

KA1Si
3
o8 + H

2
0; fluid2 has the composition K2o ·6Si02 + H20. 



Experiments on the melting relations in the system KA1Si3 0s - H20 

indicate that late stage orthoclase) crystallizing from a cooling 

magma) can react with the vapor present to give muscovite + fluid 

rich in K2 0 and Si02 (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 

(Table 1). 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 K2 0 and Si02 • The Si02 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 K2 0) 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 

discussed above are Psolid' PH20, PC02 (decarbonization reactions only), 

rock and/or mineral composition; and possibly P
02 

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 is reasonable to assume P 1 . d was a constant in the Kwoiek so l 

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

a batholith. The variables PI-J20 and PC0
2 

are difficult to evaluate 

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

assumptions will be made: (1) ~O and µCOz are externally controlled 

(Thompson; 1957) , (2) µCOz and ~O have some dependent relation on 

temperature. Assumption (2) assumes that to an approximation the compo-

sition of the initial pore fluid in the metasedi.mentary 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 asswnptions and that P l "d is everywhere the same, so l 

an evaluation can be made on the i mportance 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 two different localities) 

has it occurred at the same temperature at both localities? 

I n 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) if only three 

phases are involved as reactants or products) there is one more degree 

of freedom) and the temperature of the reaction) where the reaction is 

obser ved to take place) will vary depending on the composition of the 

individual minerals. 

With this thought in mind) it is 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 important; but the best evidence that the composi

tional dependence is not important is that only one rock was found with 

five phases (as semblage number 38) located off the map of Fig. 4) which 

overlapped two blocks (in this case blocks Band 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 Band c. Therefore) 

although the temperatures of isograds B and C a.re dependent on compo

sit ion) the dependence is not important so that isograds B and C on 

Fig . 4 are) to an approximation) isotherms. 



-61-

Isograd D) representing the reaction between five phases in a 

five component system does) according to the phase rule) represent 

an isotherm. 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 4 (not in the presence of 

garnet) are not isotherms because they involve the same components 

as isograds 3) 5) 6) and 7) 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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ANALYTICAL RESUill'S 

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 rockj 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 it 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 assumptionj 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: 

(1) The garnets of the Kwoiek Area are zoned. 

(2) The 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 . 

(4) 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 

conta-ined in the garnets of the Kwoiek Area. 

(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. 

(11) 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 is 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 +muse - gar + stl + bio 

2. chl + bio + Al2 03~gar + stl + bio 

1. chl + muse ~gar + stl + bio 

3. muse ---0> 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 

unl ess 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 Appendix, and the locations of these samples are 

shown in Fig. 1 . 



Garnet 

General statement. 

Garnet is 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 assemblages, 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 various 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, 15d, 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. 15d) 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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Fig. 11. Mn, Fe, and Mg profiles across a garnet of sample 382. 
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Fig. 13. MnJ FeJ and Mg profiles across a garnet of sample 370B. 
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Fig . 15 . MnJ FeJ MgJ Ca, AlJ Si J and Ti profiles across garnet 

of samples 350A (Fig . 15a)J 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 J FeJ Mg, and CaJ and Jan. 21, 1966 for Ti , Si, and 

Al; 350F, Aug. 27J 1965 for Mn, Fe, and Mg, Sept. 6, 

1965 for CaJ and Jan . 21J 1966 for TiJ 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 is 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 the 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, i n many cases, in the outer 

10 microns . This effect is seen in Figs. 10 and 15b. 

The change in slope of the Mg curve in the outer 10 to 100 

microns of a ll 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 is not monotonic with respect to 

radius . I n 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 15f shows a similar Ca profile. The 

other Ca profiles of Fig. 15 a,ppear 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 simil ar to that of Fig. 15f · On 

the other hand, a profile from a gar - bio - chl - muse assemblage 

(sample 10) 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 profilesj 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. 15d, 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 microns 

from the le~ 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 f eatures observed in profiles of coexistent staurolite. An 

interpretation of these features is given on page 149ff. 

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 is 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. I n the calculations that follow, equilibrium of the outermost 

l ayer of the garnet with the rest of the rock will be assumed. The 

results of the calculations will l end 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 r emoval of a phase from a system as i t 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. (1954) 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 i n the magma during cry

stalli zation. 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 Rayl e i gh approach i n 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 

~ weight of element in rock external to crystallized 

garnet . 

WR weight of rock external to garnet 

MR = weight fraction of element in rock excluding that in 

garnet . 

A = fractionation factor, Ma/MR 

w0 
initial weight of rock, prior to garnet crystallization 

W~ initial weight of e lement in rock, prior to garnet 

crystallization 

MO initial weight fraction of e lement in rock, prior to 

garnet crystallization 

WG = total weight of crystallized garnet 

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

the rock as the garnet crystallizes. 

WR 
A~ 

WR AMR 

Equation (2) is an expression of chemical equilibrium, which is assumed. 
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Combining (1) and (2) and rearranging gives 

(3) 
d~ 
WR 

M 

Integration, assuming A a constant, gives 

(4) 

and 

(6) 

( 1) 

(8) MR 

MO 

= 

= ( WR) 
WO 

~ 
ln M 

w 0 
M 

A.-1 

Using (2) and 

(9) WR = WO - WG 

The final equation is 

(10) M = 
G 

Equation (10) gives the weight fraction of an element at the edge of a 

garnet in terms of M0, the weight fraction of that e l ement in the rock 

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

0 weight of the crystallized garnet; W , the weight of the original sys-

t em; 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 (10) assumes 

that the garnet could fill its eight-fold or R+
2 position entirely 

with one element, such as Mn, even if Mg, Ca, and Fe are available. 

This is obviously erroneous because, if Mg, Ca, and Fe are available 

in the rock, some will always go into the R+
2 position of t he garnet. 

Application of Rayleigh depletion model to specimen 350B 

A first test of equation (10) was made on a garnet from specimen 

350B (Fig. 16) collected about 0.34 miles east of Kwoiek Needle. 

Before dealing further with Fig. 16, the s imilarity 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 4.1 

bi otite 29.6 

chlorite 4.3 40.5 

staurolite 2.5 

ilmenite 1.0 

graphite 2 .8 
59.5 

quartz and plagioclase 55. ~( 

total 100.0 
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Since the mode is in volwne percent and the calculations are based on 

weight 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 . Mo 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. Ibnenite is neglected because of its small 

amount in all the rocks and because its small grain size makes its 

analysis difficult. 

In solving equat ion (10) ) A, Mo ) and w° must be evaluated. Mo) 

which is the average we i ght percent of an e l ement in a ll the ferro

magnesian minerals, was evaluated by determining the average content 

of each element i n each mineral and weighting these numbers by the 

re l ative proportions of t he minerals in the rock. The average content 

of the elements in garnet had to be determined by graphical integration 

over the garnet as a sphere. These numbers are probably in error more 

than those of biotite and chlorite because the integration was performed 

on only one garnet of specimen 350B whose compos ition was assumed to be 

the average of all the garnets . This assumption 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 11 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. I n the center WG/w0 = 0 so 

A. = Ma!M0) where MG is the counts of element measured in the center 

and M0 as indicated above. At the garnet edge A. was evaluated by 

taking WG/w0 = 4.1/40.5 (the garnet/sum of ferromagnesian minerals 

volume rat io) and MG the counts at the edge . The numbers u sed 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 Edge 
Mn Fe Mg Mn Fe Mg 

MO 83 .6 398 416 83 .6 398 416 

MG 1885 697 97 226 772 137 

A. 22. 6 1.75 .233 23.8 2.1 .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 s imilarity 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 is that as the garnet crystalljzed 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 it 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. 17· Figures 11 and 12 are two such examples. 

(Note: Background for Figs . 11 and 12 is about 40 c.p.s., bringing the 

lfJ.n 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 A is much ·Mn 

greater than AFe or ~g· 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 atomic 

balance in the garnet structure. 

The calculated Mg/Fe ratio more closely approximates the observed 

Mg/Fe ratio. Figure 19 shows the measured Mg/Fe ratio curve as a 

function of radius compa red with two calculated Mg/Fe ratio curves . 
-)(-

One, labeled~ = 0.138, was calculated using ~g and AFe evaluated at 
-)(-

the garnet center, and the other, ~ = 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 40 microns from the edge. 

As the distribut ion funct ion, KU' can be defined as 

(Mg/Fe)A/(Mg/Fe)B, where A and Bare two coexisting mineral phases, 

and will generally approach one with increasing temperature (Albee, 

1965a, page 276), one might surmise that t he 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 .. 
-x-

However, ~ is not the distribution function between garnet and some 

other coexisting phase but rather between garnet and all the other 
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ferromagnesian minerals in the rock (KJJ is calculated using counting 

rate ratios whi ch are a function of the atomic ratios). Therefore) 
-x-K:o will vary with changing proportions of minerals during garnet 

growth. 

The magnitude and direction of the mineral proportion dependence 
-)(-

on Kn is indicated in the following equation: 

R 
\i~ ~ ~c x \tis -)(- ~ + + XS 

(11) IS = g c g 
A R AB~ c 

~~ + ;\Fe Xe + XS Fe Fe 

where AR is the fractionation factor between garnet and rest of rock; 

AB, ;\CJ AS are the fractionation factors between garnet and biotiteJ 

chlorite,and staurolite, respectively; and~' Xe, XS are the weight 

fractions of biotite, chlorite, and staurolite, respectively, in the 

rock exclusive of garnet . The mineral fractionation 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 (11) can be simplified by the observation that stauro-

lite of the Kwoiek Area is zoned but "biotite and chlorite are not 

zoned. Thus, the fraction of stauroliteJ XS' in equilibrium with the 

assemblage at any stage of garnet growth is infinitessimally small, 

and equation (11) reduces to: 

(12) 
-x-

I<TI = 
R 
~ 
A R 
Fe 

= 
A.BX_ + 
Fe --:s 



-89-

The present rock has X.S = .873 and Xe = .127. As we want to avoid for 

now the outer 40 microns, we shall pick ~ .8 and Xe = .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: 

\r! 0.30 

A B = 2.16 Fe 

\r~ = 0.21 

Using \r! as .32, ~ as .22, 

and Xe as .2 in equation (12), 

AF~ as 2.1, AF; as 1.8, ~ as .8, 

* ~ 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 because, 

a s will be discussed later, t he 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 ~ close 

to 0.148 in order to see what change of mineral proportions, keeping 

* the mineral fractionation factors constant, is necessary to get a ~ 

close to 0.133 for the garnet center. A value of ~ .3 
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-l<· 
and Xe ; .7 will give a~ of 0.132, close to 0.133. Hence, by 

* ~ from 0.3 to o.8, the differences between the ~ increasing 
·X· 

calculated and ~ 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. 

It is not unreasonable to expect the biotite/chlorite ratio 

to increase during garnet growth . In Fig. 20 the three-phase field 

bio - chl - gar is plotted on the Thompson Projection. Since the 

garnet is zoned, only the outermost r im 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 continues to 

grow, it will continue to be zoned, and the effective composition of 

the system will move along line a - a' as the garnet composition is 

r emoved from the system. At some later stage of garnet growth the 

three -phase field gar - chl - bio will have moved tog' - c' - b ' and 

the biotite/chlorite r at io will have increased. The equat ion for this 

reaction must be of the form: 

a muse + b chl1 + c bio1---<>d gar + e muse + f chl2 + g bio2 

where a > e, b > f, c < g, and c/b < g/f . Also, Mg/Fe of bio2 and 

chl2 will be greater than the Mg/Fe rat i o of bio1 and chl1 , respec-

tively. 

The above calculation would be further complicated in assemblages 
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Fig. 20. Thompson projection, showing effect of the growth of zoned 

garnet on the biotite/chlorite ratio in the assemblage 

muse - gar - bio - chl; see text. 
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containing muscovite . Table 9 shows the mode of a rock co l lected 

very close to isograd 2 (Fig. 4) with a lower biotite/chlorite 

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

Table 9 

Mode of Specimen 272, 500 Counts 

garnet 26 .4 

biotite 12 . 6 

chlorite 16.2 

white mica 23.2 

ilmenite 3 .0 

epidote 0.2 

graphi t e o.8 

quartz and 
plagioclase 37.6 

i nferred reaction at garnet nucleation involves muscovite as a 

reactant (see reaction (2 ), Part III, low-Ca rocks) and the muscovite 

* is homogeneous and contains significant amounts of Mg and Fe, the Ka 
at garnet nucleation must be affected by the pr esence of muscovite. 

The effect of the earlier chlorite + muscovite reaction on t he garnet 

zoning pattern must be listed as one of the uncertainties in t he anal-

ysis of the garnet zoning . 

R 
The assumption that \ig' 1 R R 

~Fe' and ~n are constants must a lso 

·be evaluated. This assumption is obviously not completely correct 

because \i~ and "-F= are individually dependent on the biotite/ 

chlorite ratio as is 
R 

A.Mn . Another, possibly independent , 
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compositional factor is the effect of variation of Jfm on'N~ and AF:' 

R R R R 
Mg on ~ and A.Fe' and Fe on 'Ng and ~. 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 composit i on 

f r om point to point in a rock and the difficulty of accurate anal ysis 

of the garnet edges, several d i stinct trends appear. A straight line 

can 'be drawn through the Mn data and the origin indicating that ~o 
chl 

and A.Mn are not affected by relative amounts of Mg and Fe. However, 

the Mg and Fe data do not lie on a line through the origi n, i ndicating 

that 'Ng and A.Fe are dependent on Mn content in the r ock. Reference 

lines for constant \rg and A.Fe are shown on Figs. 22 and 23 . 

Figures 22 and 23 show that both A.Fe and \ig for biotite and 

R chlorite increase with decreasing Mn in the garnet; therefore, A.Fe 

and ~~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 AF=' so that the two effects , biotite/chlorite 

ratio and Mn content, work against one another. 

It can be concluded fran t he Mg/Fe ratio data that the zoning from 

the garnet center to the 40 1~icron horizon could have taken place at 
·JE-

nearly constant temperature . The crossing of constant KJ:i lines, 

although in the direct i on expected for increasing temperature from 

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

biotite/chlorite rat i o. Although the zoning can be explained for the 



Fig. 21. 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). 

Fig. 22. Plot of edge content of Fe in garnet of 350 series 

rocks against average Fe content of coexisting 

chlorite and biotite. Lines of constant 

Fe /Fe bl and Fe /Feb. ratios are indicated. gar c gar io 

Fig . 23. Plot of edge content of Mg in garnet of 350 series 

rocks against average Mg content of coexisting 

chlorite and biotite. Lines of constant 

and Mg /Mgb. ratios are indicated. gar io 
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case of constant temperature) it isJ however) unreasonable to think 

that temperature did not increase because there must have been a 

driving forceJ quite likely rising temperature) 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. R This is ·based on the fact that the calculated ~ for the 

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

A.:0 
is > ~!1 at the edgeJ the same relation must ho·ld for within 

the garnet) and, therefore) ~ must increase with increasing biotite/ 

R 
chlorite ratio. The fact that Avm at the center and 40 microns from 

the edge is nearly the same indicates that an increase of temperature, 

which would drive \~towards oneJ 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, it 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 KTI· However) the Mg/Fe zoning pattern 
-x-

crosses decreasing KTI curves outward from the garnet center (Fig. 19). 
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This, then, implies that another variable besides the biotite/ 

* chlorite ratio is working to decrease ~ in such a way as to over-
-J<-

compensate for the biotite/chlorite ratio effect on KU· Temperature 

is probably the other variable as decreasing temperature would 
-)(-

drive ~ away from one which in this case means a smaller number. 

On the other hand, the upturn of Mn at the garnet edge implies 

R 
an increase of ~ 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 \tri · 
The incorporation of the zoning effects in the outer 40 microns 

i s 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 

i nto the garnet and Mg out of the garnet. If Mn diffused, a d i scon-

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 disconti nuous intersection of 

profiles; however, in Figs . 13 and 14 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 argwnent suggesting growth of garnet, rather than 

just reequilibration of garnet edge, during decreasing temperature is 

that when the temperature begins t o decline a garnet is already 

nucleatedj 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 f-11
20 

with falling 

temperature. 

Regardless of whether garnet gr ew during decreasing temperature 

or simply had its edge r eequilibrated with its surroundings during 

decreasing temperature, an important point is that there was reequili bra

t io n 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 

slight ly i ncreasing temper atur e to a point about 40 microns from t he 

edge . At t his 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 

r epresenting the stage of growth during the maxi mum temperature of 

metamorphism is 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 J<TI curves, near radius = 280 microns, Fig. 19. 

Discussion of specimens 350A, 350B, 35oc, 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 samples, 

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 Table 10 

together with the mode of 350B. The assemblage is gar - bio - stl 

- chl - ilm - qtz - plag - graph except that 35oc contains as addi-

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 below as 

indicating the former presence of andalusite. The kyanite grains 

are surrounded by a plagioclase-biotite 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 Al2 03 - K2 0 - FeO - MgO tetrahedron (Fig. 24). In terms of the 

diagram the assemblage is trivariant in P, T, and aH
20

; but since 

the Fe/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 

Garnet LO . 4.1 0.1 2.8 L4 
Biotite 26.8 29.6 34.1 27.1 23.8 
Staurolite 6.3 2.5 L~. 5 5.0 8.2 
Chlorite o.8 4.3 0.3 4.4 o.6 
Ilmenite o.6 LO L2 1.0 o.8 
Kyanite o.8 
White mica 1.3 

Subtotal 35.5 4L5 42.3 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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Fig. 24. 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 if 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). It 

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 

the 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 
K; = 0.133 and 0.148. 
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Fig. 26. Plot of Mn~· Mg/Fe for several garnet grains of 

samples 350B and 350D. Fa.ge compositions marked by~· 

Fig. 27. Plot of Mn.!.§.· Mg/Fe for several garnet grains of 

samples 350A, 35oc, and 350F. Fa.ge compositions 

marked by~· 

Fig. 28. Figs. 26 and 27 superimposed with envelopes drawn 

around points of each sample. Large circles 

represent compositions inferred to represent the 

maximum temperature. Solid l i ne , 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 (1965b) also pointed out this relation based on atom percent 

M.n/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 Fon Fig. 15. The results are shown in 

Table 11 and are plotted with Phinney 1 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 1 s data are at different locations because 

the assemblages are different. It would be most important to deter

mine if the dependence of the Mg/Fe garnet ratio on Mn content has 

the same or different slope at much higher or lower grades than that 

of Fig. 29. It is 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 is also clear that Mn 

is a variable affecting the Mg/Fe 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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Tabl e 11 

Total Analyses of Garnet from the.350 Series Rocks 

A B c D F 

Si02 36.2 35.3 35.6 36.42 36.2 

Ti02 .06 .08 .06 .09 .06 

Al203 22.8 22.5 23.3 22.7 22.2 

FeO 30.18 31.78 28.99 31.02 30. 18 

MnO 4. 12 1.28 6.24 2.25 3.89 

MgO 4.16 4.55 3.85 4.42 4.05 

cao 2.22 2.17 2.18 2.40 2. 16 

Total 99.74 97.66 100.22 99.30 98.74 

Formulas 

A (Fe2.019 Mg.496 Mn.279 ca.190)2.98 A12.05 (Si2.9 Al.1 )3 °12 

B (Fe2.137 Mg.544 Mn.087 ca. 187)2.955 A12.03 (Si2.9 Al.1)3 °12 

c (Fe1.939 Mg.435 Mn.423 ca.187)2.984 A12.05 (Si2.85 Al.15)3 °12 

D (Fe2.078 Mg.526 Mn.152 ca.206 )2.96 A12.05 (Si2.91A1.09 )3 ° 12 

F (Fe2.04 Mg.488 Mn.266 ca.187)2.98 A12.04(Si2.92 Al.08)3 ° 12 

The anal yses 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 basi s of 12 oxygen atoms to a formula unit. 
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Fig. 29. Atom percent Mn/Mn+Mg+Fe against atom percent Mg/Mg+Fe 

for data discussed by Albee (1965b) and the present 

work. The open circles represent analyses by Phinney 

(1963) for the muse - 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 tl::e data of Fig. 28 

with those of Fig. 30. On Fig. 30, maximum temperature Mg/Fe ratios 

for garnet at all grades of metamorphism a·bove 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 Al2 03 - K2 0 - 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 154a) 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 being 

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 35oc plots on the maximum temperature point 

(Fig. 27). All the points around which the envelope of 35oc is 

drawn (Fig. 28) are actually decreasing temperature compositions. 

As the biotite/chlorite ratio was very large at the nucleation of 

garnet 35oc, shown below, it is probable that garnet 35oc nucleated 

very close to the maximum temperature. 

Figure 31 shows graphically the basis for th= interpretation 

that specimen 35oc had a very high biotite/chlorite ratio at garnet 

nucleation. It also shows that the compositions at garnet 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 ~ 

determined at the garnet centers plotted against Mn0, 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 ~values 

correspond to low Mn rock contents and also low garnet contents 

(nunibers 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 "M~ in each of the rocks. 

As shown in a preceeding discussion, ~ is greater for larger 

biotite/chlorite ratios. 
R 

The sequence of higher values of ~' B to 

D to F to A to C, corresponds in a general way to increasing Mg/Fe 

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 35oc, except at the edge, where Mn 

increases, can be understood by reference to equation (10). If the 

G/ 0 term W W is small throughout the garnet growth history, i.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 

( G/ O)A.-1 . ceased to crystallize, then the term 1 - W W is close to one 

even when the garnet has finished growing and MG = A.1\i0 for both 

garnet center and garnet edge. The only variable affecting the 

zoning will be ~ 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 IY.ln at the edge is, of course, due to 

the increase of ~during the temperature decrease. 

Another mechanism could lead to an apparently unzoned garnet. 

If Mn0 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. For example, the Mn in the garnet may change 

by the same proportion of' the initial value as it did for garnet 350B, 

·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. will 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 is 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 11) probably indicates errors in some of the 

calibration curves (Appendix) . 

Two-history garnet 

All the garnets discussed so far have been interpreted to have 

had a single stage metamorphic history: The rocks were heated rapidly 

to their maximum temperature and then slowly cooled with no subsequent 

heating history. This simple history apparently did not hold for all 

the garnets of the Kwoiek 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 Batholith; 

however, the effects of the stocks are evidenced, for example, by the 

relations of the high-Ca isograds to Granite Mountain Stock (Fig. 4). 

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 Sk.ihist Mountain 

Stock, is shown in Plate 2. The photomicrograph shows overgrowths 

of anhedral garnet (G.:i) on euhedral. garnet (Gi). 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 grow to its 

anhedral form at a new high temperature level, and the Mn content 

again decreased toward the garnet edge. If the profile, 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 garnet collected 

from near stock contacts showed a ring of tiny inclusions, paralleling 

the present garnet outline, located some tens of microns in from the 

garnet edge. Specimen 382 (Fig. 11) 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, it increases 
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Plate 2. Photomicrograph of garnet in specimen 188c showing euhedral 

garnet (G1 ) surrounded by anhedral garnet (G2). The profiles 

of Fig. 9 were made across one of these grains. Total garnet 

diameter about 1 1/2 mm. 
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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 stocks. 

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 .A:rea. 

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 Al2 0s - K2 0 - FeO - MgO tetrahedron. 

For example, instead of having the apparent equilibrium four-phase 

assemblages gar - bio - stl - muse or stl - bio - chl - muse, there 

might be the five-phase assemblage gar - bio - stl - chl - muse. A 

very common five phase assemblage is 'bio - gar - stl - Al-silicate -

muse. 

Most authors have attempted to explain the five-phase assemblage 

by one or more of the following ways. (1) The assemption of ~O 

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, (4) the assemblage is 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 assemblage 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 equ,.ilibrium 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 

join of Fig. 32a, prior to the replacement of the garnet-chlorite 

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

(1) muscovite + chlorite __.garnet + 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 biotite-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 - bio - chl field. If the garnet were able to 

react, the assemblage would be either gar - bio - stl - muse or stl -

bio - chl - muse, depending on the initial rock composition; however, 

if garnet is unreactive the reaction: 

(2) chlorite +muscovite _..staurolite + biotite 



-J24-

Fig. 32a. Thompson projection showing chl - bio - gar - muse 

and chl - gar - stl - muse assemblages. 

Fig. 32b. 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 (1), with garnet remaining in the 

assemblage as an inert phase. In this manner the five phases, 

gar - ·bio - stl - chl - muse 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 f'unctions would 

appear to diverge from, rather than approach, one. ~his would be 

because the biotite would continue to become more magnesian as 

reaction (2) 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 Kwoiek Area exhibit similar 

characteristics in their compositional variations and can therefore 

be considered together. The data on biotite are, however, more com

plete than on chlorite because biotite is much more plentiful in the 

Kwoiek Area. 

Individual grains of biotite and chlorite from the Kwoiek Area 

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 constant across each grain. The biotite of 

Fig. 33b (350C) coexists with garnet 35oc 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 35oc, come from the same outcrop. If the center of biotite 

350B (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 35oc coexists with a garnet with a com

position similar to the center composition of garnet 350B. As similar 
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Fig. 33. 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. 



3500 

3400 

460 

440 

10 

0 

4900 

4800 

4700 

1400 

1300 

20 

10 

-129-

• · Fee 
• 

• 

• • 
• .. .. ... 

• • • 
• • • 

• • 
• •• • • 

• • • •• • • •• • • 
•• 
• 

• •• •• • • • • 
• •• 

e G ·• ••• 
•• 

Mn 

• 

• • ••• • • 

3508 Biotite 
June 19, 1965 

Fi 33a. 

Fe 

• 

•• •• 
• 

• ... 

• 

• 
• • • 

• • 
• 

• • 

--

• 
• 

• 

............... 

• 
• • 

• 

' ' 

• 

.. • \ 

I 

I 
I 

I 
• 

• 
e e • 

8 

• 
• •• . ., • • • .. ' • • Mge • 8 ~ • • (I •• • • • • • • ....... • ........ 

e • •• 
• • 

-20µ.- --...... I ....... , 0 

o', . ...... , 
• .. • • • • .r • " • • • e e • oe • • • • eo • •• • • e ••• • 

• 3508 Chlorlte 
Ti Jon. 20, 1966 

Fig. 33c. 

3600 

3500 

420 

400 

40 

20 

4300 

4200 

4100 

700 

680 

660 

640 

Fe • • • 
• • • • 

• •• .. • 
•• • 

•• 

•• 
• •• • • • 

• • • I 
. ------ . ,,,,,..-- -- .............. ___ . 

/ . -~-
.4 • 

~I • • • • • • • • • • • • Mge • • 
• • 

• 

• 

• 
• •••• • • 
• 

•••• 
• • •• • •• • 

• • 
Mn 

• • •• • 
• 

• •• • • 
350 C Blot lte 

Fi . 3 b. June 20, 1965 

• 
Fe 

• • • ••• 
• • ee • •• • 

• 

Mg•e 

• .. 

• • 
• 
• 

• 

• •e•• 
• 

• 
• • 

• 

• • 
• • 
• • 

• • • • 
410 Chlorlte 
Auo. 5, 1965 

Fig. 33d. 

• • 
•• •• 

• 

• 
• 

• 

• 
• • 

• • 

• 

• 

• 

1 

I 

I 

I 



370 

360 
if 
,,; 
ci. 
u 350 

640 

590 

565 

540 

°' ::z 515 
.,; 
ci. .; 

490 

465 

440 

c 16 
:i: 
.,; 

~ 0 

. . .............. " ... .. 

Fe 

Mn 

3506 Blotlte 
June 19, 1965 

-10,,.-

Fig. 34. MnJ Fe, and Mg profiles across a biotite of sample 350B 
showing effects of chlorite interlayering. Points are at 
1 micron intervals. Mn profile is corrected for background. 



-131-

relationships exist for biotite and chlorite coexisting wi th garnet 

in other rocks of the Kwoiek Area, it is concluded that biotite and 

chlorite continued to reequilibrate in response to changing conditions, 

in marked contrast to the garnet. 

Chlorite interlayers in biotite are common, but the reverse is 

not true. Figure 34 shows Fe and Mg, as well as Mn, profiles across 

a large bioti te grain of sample 350B, perpendicular to the cleavage. 

The analyzed spots are 1 micron apart, and the analyzed spot diameter 

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 oi' 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. Each point represents an average 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 biotites, but one with the cleavage parallel to the microscope 

stage (point p on Fig . 35c) and one with cleavage perpendicular to the 

stage (point c) were analyzed to see if orientation affected the 
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Fig. 35. 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. 
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counting rates. Point .£ has about 3 percent higher Fe counting rate 

than point p. 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 explained by a 

deeper electron penetration in grain .::_ than grain E: 

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 point 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 variation 

of Mg/Fe 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 balance: 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 diameter. 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/Fe ratio, caref'ully 

located grains of biotite were analyzed f:rom rock 350B. The results of 

this study are shown in Fig. 38. Analyses 6-13 were made on biotite 

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 
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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 within a light layer. 

The analyses from the dark layer, which contains staurolite as well 

as garnet and chlorite, plot in one 11homogeneous 11 group with a lower 

Mg/Fe ratio than the 11homogeneous" 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 layer, 

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 section, 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 reequilibrate with 

decreasing temperatures. If the garnet grew during decreasing tempera

ture, the bioti te 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 staurolite, or other minerals, 20 microns or so away: However, a 

'biotite next to that staurolite might have been in equilibrium with it 
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Fig. 38a. 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. 

Fig. 38b. 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. G1 is the garnet of Fig. 15b; 

G2 is the garnet of Fig. 16. 
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when recrystallization ceased but would have a different composition 

than the biotite 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 tempera

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, aH
20

, 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 biotite and garnet discussed by Albee (1965b). 

In this paper Albee plotted Mn content in the garnet against the Mg/Fe 
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Fig. 39. 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 

Albee (1965b) for the muse - bio - gar - stl 

assemblage of Phinney (1963). 

Fig. 40. Plot of atom percent Mn/Mn+Mg+Fe in garnet against 

the Mg-Fe dist ribution f'unction 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 bu:lli 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/Fe in garnet and a proportional relation 

of Mn in garnet vs. Mg/Fe in biotite. The Kwoiek Area garnets are con-

sistent with the garnet data of Fig. 39 as discussed in Fig. 29. 

However, Albee shows the Mn vs. Mg/Fa . curve with a different slope gar - oio 

than the garnet curve and from this deduces that ~ gar - bio 

( ~ - (Mg/Fe) /(Mg/Fa . ) gar bJ..O 
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 biotites from the 350 series samples sug-

gest an inverse relation of Mn to Mg/Fe biotite (Fig. 4lb), though gar 

complicated by the local variations of biotite composition within the 

thin section. Even though the biotite is presumed to have reequilibrated 

during retrogression, the fact that the biotite 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. 4lb is very likely close to the real trend at the time of ma.x:imum 

temperature. The data of the 350 series samples, in terms of the 

counting rate distribution function and atomic percent (Mg/Mg+Fe+Mn) 

garnet, are also shown on Fig. 40 to emphasize the different trends. 

The counting rate ~ and atomic ~ differ by a small, nearly constant 
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Fig. 41. Plot of the Mn content of garnet in the maximum temperature 

horizon against the Mg/Fe ratio of coexisting chlorite 

(Fig. 4la) and biotite (Fig. 4lb) 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 1 s data for hornblende 

assemblages (Albee, 1965b, Fig. 4), one could draw a best fit curve 

through the biotite data with an inverse slope. It is probable that 

the dependence of K_ gar - bio upon Mn is less than suggested by --D gar 

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. ·41. The distribution 

functions between biotite and chlorite, on the other hand, are plotted 

graphically in Fig. 42, showing there is little systematic relation of 

~ bio - chl with metamorphic grade. In fact, all the points cluster 

along a single value of~ = 0.85, indicating either that the biotite 

and chlorite reequilibrated with one another to the same temperature 

during retrogression or that ~ bio - chl is very insensitive to temp

erature changes. Comparison of Fig. 41 with Fig. 31 shows that the 

higher values of Mg/Fe in both biotite and chlorite are generally found 

in the higher grade rocks, but the relation is not as systematic as for 

the garnet, probably due to reequilibration during decreasing tempera-

ture. 
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Staurolite 

The staurolite in the Kwoiek 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 44). These two types can be correlated with two dif

ferent assemblages and two different reaction sequences during growth. 

The type shown in Fig. 41which shows discontinuous zoning in most 

elements, occurs in the assemblage stl - chl - gar - bio - ilm - graph. 

That shown in Fig. 44, although showing the same general features, 

does not have a discontinuous Ti zoning profile; it occurs in the 

assemblage stl - muse - gar - bio - ilm - 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 staurolite formula, a 

phenomenon not well understood; and it 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 region 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. 1n fact, an increase of Ti 

marks a decrease of Al and an increase of. Si rather than the expected 

constant Al and decrease of Si. In order to clarify this problem, four 

total analyses were made on one staurolite grain for all elements except 
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hydrogen (indicated as 1, 2, 3, and 4 on Fig. 43). These analyses 

and formulas, based on a normalization to 30 cations, are tabulated 

in Table 12. The formulas indicate that no substitution takes place 

in the Al position and that a.11 substitution is . in the (Fe;Mg) and Si 

positions. In the outer zone of the staurolite grain the 48 oxygens 

of the unit cell with a negative charge of 96 can be nearly balanced 

by two protons which, according to Na.ray-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 the charge. 

Alternatively, asswning that the number of protons is constant in the 

staurolite formula, the charge would be balanced by changing o.6 Fe+2 

atoms to Fe +3 
• 

Although the analyses are not precise due to uncertainties in the 

calibration curves (Appendix) and due to the impossibility of deter

mining H2 0 and Fe+ 3 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+4 for 

(Fe,Mg)+;a, Si+4 for Al+ 3 , and H+ leaving the structure, or Ti+ 4 for 

(Fe,Mg)+ 2
, Si+ 4 for Al+ 3

, and Fe+ 3--~ J,i'e+2
• 

+3 +2 . Independent evidence supports the Fe ~Fe 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 
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Table 12 

Total Analyses of Four Horizons in Staurol ite 350F 

1 

Si02 27.1 

Ti02 .7 

Al203 53.2 

FeO 11.9 

MnO .15 

MgO 2.32 

Tot al 95.37 

2 

27.5 

.69 
54.o 

11.9 

. 15 

2.20 

96.44 

Formulas 

3 

25.2 

.34 

56.0 

12.1 

.15 

2.22 

96. 01 

4 

27.3 

.65 

53.5 

11. 7 

.15 

2.50 

95 .80 

( +) charge 
(excluding 

proton) 

(Mg1 .00Fe;~87Mn.04Ti,15)4.06Al18(Si7.83Al.11)7.94°48H2 

(Mg.94Fe;~84Mn . 04Ti.15)3 . 9~18(Si7.86Al.19)8.05°48H2 

( Mg ·95Fe;~28Mn.04Ti.07Fe~~)3.94All8(Si7.20Al . 86)8.06048H2 

94.1 

94.o 

The analyses are i n weight percent and were made at the 
points marked 1, 2, 3, and 4 on Fig. 43. Forrrrul as 
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+ 3 substitutes in the Al position. Since the result pre

dicted in the garnet from the Fe+ 3 --)Fe+ 2 transition in the 

staurolite is 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 44) can be interpreted by the Rayleigh depletion model 

using the following observations: (1) AFe between staurolite and 

biotite :is close to 1, ( ) S / 0 2 W ;W for the central zone is generally 

small (w8 = total weight of staurolite), (3) By analogy to Fig. 18 

zoning due to Mg would not be pronounced until the staurolite was 

quite large since \.ig between staurolite and biotite is nearly the 

same aB 'Ng between garnet and biotite, and (4) 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 A1
S were constant. 

If temperature changed, the A1s would also change, producing zoning in 

the stauroli te. 

The interpretation of the growth history of the central region of 

the staurolite of Figs. 43 and 44 is consistent with the reaction which 

makes this 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 ~garnet + staurolite + biotite 

Since empirically the maximum number of phases one can have in the 

Al2 03 - K2 0 - FeO - MgO tetrahedron is four, reaction (1) 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 located well to the garnet center from the 

horizon where the temperature ·began decreasing. 

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

was discussed in Part III and is inferred to be 

(2) chlorite + (high Ti) biotite + Al2 03 (from plagioclase?) 

~~~~-- garnet+ staurolite +(low Ti) biotite. 

Analytical work on the biotite 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 biotite does not drop. Therefore, an external source of Al~03 was 
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needed which may have come from coexistent plagioclase. The calcium 

would go into the garnet. 

The Mg/Fe ratio in the zoned part of the staurolite decreases 

outward indicating that in a single grain the Mg/Fe ratio decreases 

with increasing temperature. This is contrary to garnet, biotite, and 

chlorite, where the Mg/Fe ratio increases with metamorphic grade. 

The average Mg/Fe ratio of individual staurolite grains from a 

range of metamorphic grade is plotted against the maximum temperature 

Mg/Fe ratio of coexistent garnet in Fig. 45. The vertical, or garnet, 

axis is a function of metamorphic grade as discussed in Fig. 30. The 

average Mg/Fe staurolite ratio 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/Fe 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 Kn stl - gar approaching one, as indicated by two 

reference lines of constant KJJ· 

There is too much scatter of data and too few specimens to 

establish conclusive trends. For example, the four staurolite 

averages of 370A 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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Fig. 45. Plot of maximum temperature Mg/Fe ratio of garnet against 
average Mg/Fe ratio of coexisting staurolite for all 
staurolite analyzed in the Kwoiek A:.rea. Arrows show 
direction of increasing grade of metamorphism between 
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 VJ a possi'ble 

model to explain the variations of Mg/Fe 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 variations through

out the Kwoiek Area. 

The zoning pattern of Fig. 44 has a similar explanation as that 

of Fig. 43 except that the reaction making the outer staurolite layer 

is of the type 

(3) muscovite -7 garnet + staurolite + biotite 

which is discussed in Part III. 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 is sensitive only to the continuous and increasing 

preference staurolite must have for Ti as the temperature rises and 

Fe+ 3 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, 1956j Pitcher and Read, 1960j Woodland, 

1963). Since the aluminum 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 

prevailed in the Kwoiek Area during its metamorphism. The experi

mentally determined triple point has been placed at 300° 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 is illustrated by 

Plates, 4, 6-8. In specimen 180 (Plates 3 and 4), 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 
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Plate 3. Polished rock surface showing andalusite cross sections (A). 

Largest andalusite about 2 mm. square. Specimen 180. 

Plate 4. 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 grains 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. Former 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. 
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Plate 7. 

Plate 8. 
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a square-outlined area containing staurolite and kyanite rinuned by 

fibrolitic sillimanite. It is clear from Plates 3-8 that a sequence 

of polymorphic transitions has taken place with the sequence 

andalusite --okyanite -sillimanite 

The andalusite-to-kyanite part of the sequence has been reported in 

four other areas in the world (Tilley, 1935j Dike, 195lj Workman, 1963j 

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---+ sillimanite. 

The distribution of the aluminum silicate polymorphs in the Kwoiek 

Area is shown on the map in Fig . 1. Andalusite is conunon around Skihist 

Mountain Stockj and the only other andalusite occurrences are at the 

eastern edge of Kwoiek Needle Stock, where it is surrounded by kyanite 

(160A) and between Kwoiek Needle Stock and Hanna Peak Stock where it 

occurs with sillimanite and kyanite (320B). Kyanite pseudomorphous 

a~er andalusite is conunon 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 Lake 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 arbi tra.ry 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 

temperature; 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 elevationi 6000-7000 feet; the Kwoiek Area has not 

undergone extensive tilting since the metamorphism because contacts dip 

between 80 and 90° away from igneous bodies; the andalusite to silliman

ite transition is seen in single handspecimens from near an intrusive 

contact and the andalusite to kyanite to sillimanite transition can be 

documented from less than one-eighth mile horizontally from the 
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Fig. 46. Al2Si0
5 

phase diagram after Bell (1963) showing 

possible stable paths of observed aluminum silicate 

transitions in the Kwoiek Area . See text. 

Fig. 47 . Al
2

Si0
5 

phase diagram after Bell (1963) showing 

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 pressure but also at 

about t he same pressure. This is clearly contradictory, at least 

for the andalusite to kyanite to sillimanite path, to the relations 

shown in Fig . 46, 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 andalus i te, 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, 1964). 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 0.4 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 

(ioo 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 v Cr Fe Cu Sn Ca 
Line Ka Ka Ka Ka Ka Ka Lf3 Ka 

180 and 1. 5 1.5 1. 5 1.0 30 

189 and 6 1. 5 >69 

314 silli . 5 2.5 5 22 
314 silli • 5 3 6 24 6 .2? 

370A silli 1.5 2 2 15 1 .5 
370A ky l 1.5 .5? 24 

371c ky .5? l 2 16 2 

l60A and 2 l 28 
160A ky 2 20 

l60A and 2 1 29 
160A ky 2 1 22 

160A and 3 76 2 
160A ky 35 

Analyses are given in units above background (100 units 
f'ull scale). Coexisting aluminum silicate polymorphs and 
analyses on different grains of a sample are shown by 
identical sample numbers. See text. 

Mg 
Ka 

3 

.5 

.5 
1.5 
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absolute values of concentration cannot be determined for each 

element. Na13 0, 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 K2 0 

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) has a markedly higher Fe content 

than the other andalusites, but the others, 180 and 160, have 

essentially the same elements and range 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 Fe2 03 • It is hard to con

ceive 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 aluminum silicate sequence beginning with metastable 

formation of andalusite is shown diagranrrnatically in Fig. 47 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 Kwoiek Needle ridge area 

could have formed along the constant pressure line ~' k, .§. with meta

stable andalusite forming in the metastable a.ndalusite field ~' 
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inverting to stable kyanite where the~' ~' .£.path leaves field (A), 

and inverting to sillimanite at .£. where the hypothetical !iJ ~' 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 Kwoiek Needle ridge except that instead bf stable 

kyanite forming at ~' 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 this 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 different 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 a.re 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 pr_esented 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 (371c, 37oc, 370B, 

410). 

The complete picture of the formation of the aluminum silicates 

can now be summarized. The two observed sequences, a.ndalusite 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 stab~e 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. The 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' 

Pfluid' PH;,iO' P02 , PCOa' and T. These attempts have primarily been 

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

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 biotite 

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 700°c, 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 is ta.ken to be the same throughout the Kwoiek 

Area) is from the alwninum silicate polymorphs . Figure 48 summarizes 

some of the recent experimental work on the AJ.eSi05 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 Al2s~o5 phase diagram to date . 
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either slightly above 8 kilobars (Bell, 1963) or slightly above 2~ 

kilobars (Weill, 1966). 

A piezobirifringent 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. 1). Rosenfeld found that quartz inclusions with the 

c-axis 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 observation, coupled with knowledge of quartz 

and almandine coefficients 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 

450°c, 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 cormnunication, 1964), a lower Cretaceous 

age, and to have intruded sedimentary rocks of Upper Jurassic or (?) 

IDwer Cretaceous age (Cairnes, 1942 ). According to Kunnnel (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. 

Oxygen Pressure and Its Influence on Staurolite Composition 

Graphite is present in the metamorphosed sedimentary rocks of the 

Kwoiek Area in all grades of metamorphism. The most cormnon 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. II II These observations alone suggest low values of P
02 

-20 -25 ( 
in the range of 10 to 10 atmospheres Pfluid = 2 Kb). 

Recent data and discussion (French, , 1965) 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 P = 1000 bars (French argues gas 

that the qualitative relations of this diagram should not change for 

higher pressures) shows the relative compositions of C02 and H;:aO 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 H2 0 phase at the temperatures found in the Kwoiek Area. 
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Fig. 49. Relation of PH 0 to PCO for graphite-bearing rocks 
2 2 

at P = 1000 bars (after French, 1965). Tempera-
gas 

ture in degrees centigrade. Buffer curves shown : 

hematite - magnetite (HM), quartz - fayalite -

magnetite (Q,FM), magnetite - wustite (MW), 

wustite - iron (WI), and quartz - fayalite - iron 

( QFI) . 

P gas= 1000 bars 

200 400 600 
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1000 



-179-

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;aO in the gas phase and) according to French (1965), 

an increasing content of H2 and CO. CJ4 will be abundant. 

Common buffering systems are also s.hown in Fig. 49 and indicate 

that) in the presence of graphite) increa~ing temperatures lead to 

a net reduction of Fe in the solid phases present. This agrees with 

observations that the Fe2 03 /Fe0 ratio decreases as metamorphic grade 

increases in the presence of graphite (Shaw, 1956) Zen, 1963) 

Miyashiro) 1964). In the Kwoiek Area) no total rock Fe2 03 /Fe0 values 

were obtained, but arguments were made (page 154) for a reduction in 

Fe+3 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/Fe in individual 

staurolite grains decreases with increasing temperature and that the 

staurolite analyses of the 350 series rocks show nearly 5? percent of 

the total staurolite variation found throughout the Kwoiek Area. These 

speculations) in turn, lead to a better understanding of the total gas 

pressure (P ) and partial pressures of the various components of the gas 

gas (P.). 
)_ 

As in Part III, reaction 4a of Part III (low-Ca reactions) can 

be broken into the two reactions 

(4a - 1) 

(4a - 2) 

chl + bio _..., gar + bio 

chl + (high Ti) bio + Al2 03 (from plagioclase?) 

--- stl + (low Ti) bio + 02. 
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Oxygen is placed on the reactant side of equation (4a - 2) in 

conformity with the observation of progressively reduced iron in 

the staurolite with increasing temperature. 

Since reaction (4a - 1), as it is 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 P
02 

axis of a P02 - 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/Fe 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 P02 be used as the other variablej and, 

therefore, equation (4a 2) is plotted in Fig. 50 as a function of 

P
02 

The question then becomes how to orient the family of stauro

lite lines, representing different compositions of staurolite in 

equation (4a - 2), with respect to the garnet lines and, more impor-

tantly, with respect to reasonable P
02 

- T paths. 

The analysis of the staurolite zoning gives us one piece of 

information which constrains the position of the lines for equation 

(4a - 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 Fe/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 stauroli te stability fields in 

a P
02 

- T plot for the assemblage chl - gar - bio -

stl - qtz - 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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Fe +2 / (Mg+Fe +2) or (Fe+ 2+Fe+ 3 )/(Mg+Fe+ 2+Fe+ 3
) 

In the latter case, Fe/(Mg+Fe) decreases (Case I) in the outer zone, 

and in the former case (Case II) it increases. A further 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/Fe+Mg in coexisting garnet. 

In Fig. 5oa equations like equat ion (4a - 2) are plotted relative 

to the garnet equations for Case I. It is noted that for Case I the 

staurolite Mg/Fe ratio increases with temperature, which is contradic-

tory to observation (see Figs. 43, 44, and 45). Case II (Fig. 50b), 

on the other hand, is consistent with observation and is also analogous 

to olivine stability curves (Wones and Eugster, 1965). It is concluded 

that Case II is the most reasonable. 

Accepting Case II as the most reasonable, we must then infer a 

reasonable P
02 

- T path which, for increasing t emperature, will give both 

increasing Mg/Fe in the garnet and decreasing Mg/Fe in the stauroli te .. 

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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Fig. 51. Fig. 50b with the inferred relative position of the 

hematite - magnetite buffer curve and a graphite - gas 

buffer curve. 



on the equation 

(1) p 
gas 

= 

Even if it is assumed that PH
2

0 (or alternatively ~0) is constant 

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

and that P~ 0 (or alternatively ~0) has a systematic relation to 

temperature (discussed in Part III), equation (1) is still univariant 

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 not be a true buffer curve as its position will be different in 

different rocks if any variable in equation (1), 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 P or P. "explain" the gas l 

scatter of data of Fig. 45. 
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SUMMARY OF CONCUJSIONS 

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 

reservoir of elements for the growth of the relatively unreactive 

minerals -- garnet, staurolite, and aluminum silicates. The biotite 

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 

range 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 is used as the projection point instead of 

muscovite. 



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 Al2 03 - K2 0 - FeO - MgO tetrahedron, it can be 

shown that the maximum temperature composition changed systemati

cally to higher Mg/Fe 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/Fe ratio of the gar

net is dependent on the biotite/chlorite ratio. 

In spite of uncertainties in the precise Jocation of the maximum 

temperature zone in the garnet, the range of composition for the 

maximum temperature zone is 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 event, garnet collected from near stocks, 

which were intruded after the main batholith, show the influence of 

the second metamorphic event in their zoning 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 is 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 andalu

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 in one area 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 Abbreviation 

Chlorite chl 

Garnet (almandite ) gar 

Staurolite stl 

Aluminum silicate Al-silicate 

Andalusite and 

Sillimanite silli 

Kyanite ky 

Muscovite muse 

Actinolite act 

Amphibole a mph 

Hornblende hbl 

Epidote ep 

Clinozoisite CZ 

Calcite calc 

Biotite bio 

Plagioclase feldspar plag 

· Ilmenite ilm 

Qµartz qtz 

Graphite graph 

Cordierite cord 

(or Al) 
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Assemblages of Metamorphic Samples Discussed in Text 

Sample no. Muse Chl Bio Gar Stl Al-silicate Ilm Graph 

10 x x x x x x 
4o x x x ky x x 

l54A x x x x x x 
154B x x x x x 
165A x x x x x x 
165G x x x x x 
173 x x x x and x x 
175 x x x x and x x 
l88A x x x x x 
188B (x) x x x and-silli x x 
188c x x x x 
222 x x x x x x 
272 x x x x x x 
314 (x) x x x silli x x 
320B (x) x x x ky-silli-and x x 
350A x x x x x x 
350B x x x x x x 
35oc x x x x ky x x 
350D x x x x x x 
350F x x x )C x x 
362B (x) x x x x x x 
370A x x x ky-silli x x 
370B x x x x x x 
37lC x x x x ky x x 
372 (x) x x x ky x x 
374 x x x x x x 
375 (x) x x x x x x 
377C (x) x x x silli x x 
382 x x x x x x 
384 x x x x x x 
410 x x x (x) silli x x 

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

x: mineral present in assemblage 
-: mineral absent from assemblage 

(x): mineral present but not part of 
stable assemblage 

Ep 

x 

x 
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Analytical Technique 

The microprobe and accessories. 

The analyses were made on a three-channel Applied Research 

Iaboratory microprobe (model EMX) 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 LiF crystals, 

and Si and Al were analyzed on .ADP and KAP crystals, respectively. 

Data was printed out on an I.B .M. electric typeprinter. 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 24 

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 Yn, 

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 µa. Sample 

currents greater than .06 µa produce increasingly more rapid burnoffs 
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of the micas. Garnet and staurolite can tolerate sample currents 

between .1 and .2 µa with small spot sizes; however, for compara

tive purposes it is useful to use a constant sample current reading 

for all minerals. 

The current readings of .06 µa 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 composition (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. Ta~le 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 lOq was used as the 

interday reference for Mn) Fe) and Mg because (1) 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 lOq 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 
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Figs. 52 - 58 . Calibration curves for translating background

corrected, normalized counting rates to weight 

percent of Mn, Fe, Mg, Ca, Ti, Si, and Al for 

staurolite (S), garnet (G), biotite (B), 

chlorite (C), chloritoid (CT), and cordierite 

(Cd). Where two or more calibration curves are 

on the same figure, the mineral symbols are 

used to distinguish them. 
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Garnet 

G-1 
G-2 
G-3 
G-4 
G-5 
G-6 
G-7 
G-8 
G-9 
G-10 
G-11 

Biotite 

B-1 
B-2 
B-3 
B-4 
B-5 
B-6 

Chlorite 

C-1 
C-2 
C-3 
c-4 
C-5 

Staurolite 

S-1 
S-2 
S-3 

Chloritoid 

CT-1 
CT-2 
CT-3 
CT-4 

Cordierite 

Cd-1 
Cd-2 
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Table 14 

Samples Used for Microprobe Standards 

Locality 

Sturbridge, Mass . 
Cortlandt, N. Y. 
Gore Mt., Vt. 
Errol g_uaC.., N.H. 
Errol g_uad, N.H. 
Valle Codera, Italy 
Lincoln Mt., Vt. 
Nuevo Laredo, Mexico 
Ward Creek, Calif. 
Lincoln Mt. , Vt. 
Lincoln Mt . , Vt. 

Cortlandt, N. Y. 
Sturbridge, Mass. 
Mason Mt. , N. C. 
Lincoln Mt . , Vt. 
Lithonia, Ga. 
Errol g_uad., N. H. 

Lincoln Mt. , Vt. 
Lincoln Mt. , Vt. 
Lincoln Mt. , Vt. 
Lincoln Mt. , Vt. 
Belvidere Mt., Vt . 

Errol g_uad., N. H. 
Erro 1 quad., N.H. 
co . Galway, Eire 

Lincoln Mt. , Vt . 
Lincoln Mt . , Vt . 
Lincoln Mt., Vt. 
Lincoln Mt. , Vt. 

Sturbridge, Mass . 
Cortlandt, N. Y. 

Reference 

Barker (1962) 
Barker (unpublished) 
Chodos (unpublished) 
Green (1963) ER-101 (zoned) 
Green (1963) D-2 (zoned) 
Barker (unpublished) 
Albee (1965) LA-23a (zoned) 
Chodos (unpublished) 
Lee, et al. (1963) 50-cz-59 (zoned) 
Albee"l"19E)5) LA-34a (zoned) 
Albee (1965) LA-lOp (zoned) 

Barker (unpublished) 
Barker ( 1962) 
Barker (1961) 
Albee (1965) LA-168 
Silver (unpublished) 
Green (1963) ER-101 

Albee (1965) LA-lOg_ 
Albee (1965) LA-lOk 
Albee (1965) LA-lOp 
Albee (1965) LA-25c 
Albee (unpublished) 

Green (1963) D-2 (zoned) 
Green (1963) ER-101 (zoned) 
Leake ( 19 58) 

Albee (1965) LA-lOk 
Albee (1965) LA-23a 
Albee (1965) LA-25c 
Albee (1965) LA-lOp 

Barker (1962) 
Barker (unpublished) 
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Table 15 
Interday Factors 

Date Mn Fe Mg Ti Si 

Apr. 24, 1965 
May 12 .970 .988 .983 
May 31 1.000 1.000 1.000 
June 19 .774 1.023 .971 
June 20 .785 1.015 .954 
July 4 .782 1.009 .992 
July 25 .791 1.007 .994 
July 26 .774 1.004 1.004 
Au& 2 .776 1.008 .986 
AU§ 3 .752 .999 .965 
AU§ 5 .777 1.001 .973 
Aug. 20 .764 .998 .982 

. Au& 21 .766 .997 .973 
Aug. 22 .748 .989 .981 
Aug. 27 .773 .991 .964 
Aug. 28 .773 .991 .970 
Sept. 6 
Oct. 12 .889 .856 .732 
Oct. 13 .893 .851 .742 
Jan. 20, 1966 .885 .455 1.000 
Jan. 21 .989 1.03 
Jan. 28 .975 1.000 
Jan. 29 .988 1.00 

Approximate Backgrol:lnds (c.p.s. ). 

Garnet 
Staurolite 
Biotite 
Chlorite 

38 40 5 12 7 
28 20 5 8 4 
32 30* 6** 11 6 
29 30* 7:f:f 9 4 

* 40 after Jan. 20, 1966 
** 7 after Jan. 20, 1966 
** 9 after Jan. 20, 1966 
* 23 on Sept. 6, 1965 

Al Ca 

1.000 

.476 

.524 

1.023 
1.000 
1.00 

16 10* 
10 
16 
13 
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grains were normalized to the average counting rates of 25 random 

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 

straight 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 elements. 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 content of the 

garnet and the aluminum and silicon contents of the garnet and 

stauroli te are the most likely to be the source of large error. 



-207-

REFERENCES 

Albee, A.L., 1965a, Phase equilibria in three assemblages of kyanite
zone pelitic schists, Lincoln Mountain quadrangle, central Vermont: 
Jour. Petrol., v. 6, p. 246-301. 

~~-

, 1965b, Distribution of Fe, Mg, and Mn between garnet and biotite 
in natural mineral assemblages: Jour. Geol., v. 73, p. 155-164. 

~~-

, A.A. Chodos, and L.S. Hollister, 1966, Equilibrium volumes for 
different species in three assemblages of kyanite-zone pelitic 
schists, Lincoln Mountain quadrangle, central Vermont: Trans. 
Amer. Geoph . Union, v. 47, p. 213 (abs.). 

Banno, S., 1965, Notes on rock-forming minerals (34) : zonal structure 
of pyralspite garnet in Sanbagawa schists in the Bessi area, 
Sikoku: Jour. Geol. Soc. Japan, v. 71, p. 185-188 . 

Barker, F., 1961, Anthophyllite - biotite - hypersthene - rhodolite 
assemblage, Mason Mountain, North Carolina: U.S. Geol. Surv. Prof. 
Paper 424C, p. 336-338. 

~~-
, 1962, Cordierite-garnet gneiss and associated microcline-rich 

p e gm at it e at Sturbridge, Massachusetts and Union, Connecticut: 
Amer. Min., v. 47, p. 907-918. 

Bell, P.M., 1963, Aluminum silicate system: experimental determination 
of the triple point: Science, v . 139, p. 1055-1056. 

Cairnes, C.E., 1942: Geol. Surv., Canada, Map 737A, Hope. 

Clark, S.P., 1961, A redetermination of equilibrium relations between 
kyanite and sillimanite: Amer. Jour. Sci., v. 259, p. 641-650. 

Corlett, M., and J.V. Smith, 1964, Significance of minor-element 
analysis by the microprobe x-ray emission analyses : Abs., Geol. 
Soc. Amer. Annual Meeting, Miami . 

Dike, P.A., 1951, Kyanite pseudomorphs after andalusite from Delaware 
Co., Penna.: Amer. Jour. Sci., v. 249, p. 457-458. 

Duffell, S., and K.C . McTaggart, 1952, Ashcroft map-area, British 
Columbia: Geol. Surv. Can. Mem. 262. 

' 
Eskola, P., 1920, The mineral facies of rocks: Norsk. Geol. Tidsskr., 

v. 6, p. 143-194. 

· Evans, B.W., 1965, Microprobe study of zoning in eclogite garnets: 
Abs., Geol. Soc. Amer . Annual Meeting, Kansas City. 



-208-

French, B.M., 1965, Some geological implications of equilibrium 
between graphite and a C - H - 0 gas phase at high temperatures 
and pressures: Goddard Space Flight Center, Greenbelt, Maryland. 

Frost, M.J., 1962, Metamorphic grade and iron-magnesium distribution 
between co-existing garnet-biotite and garnet-hornblende: 
Geol. Mag., v. 99, p. 427-438. 

Green, J.C., 1963, High-level metamorphism of pelitic rocks in 
northern New Hampshire: Amer. Min., v. 48, p. 991-1023. 

Hietanen, A., 1956, Kyanite, andalusite, and sillimanite in the schist 
in Boehls Butte quadrangle, Idaho: Amer. Min., v. 41, p. 1-27. 

---, 1961, Metamorphic facies and style of folding in the Belt 
series northwest of the Idaho batholi th: Bull. de la Commission 
geologique de Finlande, v. 33, p. 73-103. 

Kretz, R., 1959, Chemical study of garnet, biotite, and hornblende 
from gneisses of southwestern Qµebec, with emphasis on distribution 
of elements in coexisting minerals: Jour. Geol., v. 67, p. 371-4o2. 

Kummel, B., 1961, History of the Earth: W.R. Freeman and Company, 
San Francisco. 

Leake, B.E., 1958, Composition of pelites from Connemara, Co. Galway, 
Ireland: Geol. Mag., v. 95, p. 281-296 . 

Lee, D.E., R.G. Coleman, and R.C. Erd, 1963, Garnet types from the 
Cazadero area, California: Jour. Petrol., v. 4, p. 460-492. 

Mazor, E., and G.J. Wasserburg, 1965, Helium, neon, argon, krypton, 
and xenon in gas emanations from Yellowstone and Lassen volcanic 
National Parks: Geochim. Cosmochim. 'Acta, v. 29, p. 443-454. 

Mcintire, W.L., 1963, Trace element partition coefficients--a review 
of theory and application to geology: Geochim. Cosmochim. Acta, 
v. 27, p. 1209-1265. 

Miyashiro, A., 1964, Oxidation and reduction in the earth's crust with 
special reference to the role of graphite: Geochim. Cosmochim. 
Acta, v. 28, p. 717-729· 

Neumann, H., J. Mead, and C.J. Vitaliano, 1954, Trace element 
variation during fractional crystallization as calculated from the 
distribution law: Geochim. Cosmochim. Acta, v. 6, p. 90-99· 

Newton, R.C . , 1966, Kyanite-sillimanite equilibrium at 750° C: Science, 
v . 151, p. 1222-1225. 



-209-

Pearson, G.R., and S.M. Shaw, 1960, Trace elements in kyanite, 
sillimanite, and andalusite: Amer. Min., v. 45, p . 808-817 . 

Phinney, W. C. , 196 3, Phase equilibria in the metamorphic rocks of 
St. Paul Island and Cape North, Nova Scotia: Jour. Petrol., v. 4, 
p. 90-130 . 

Pitcher, W.S., and R.H. Read, 1963, Contact metamorphism in relation 
to manner of emplacement of the granite of Donegal, Ireland : Jour. 
Geol., v . 71, p. 261-296. 

Rayleigh, Lord, 1902, On the distillation of binary mixtures : Phil. 
Mag . , sixth series, v. 4, p. 521-537. 

Rosenfeld, J.L., and A.B. Chase, 1961, Pressure and temperature of 
crystallization from elastic effects around solid inclusions in 
minerals? : Amer. Jour. Sci., v . 259, p. 519-541. 

Seki, Y., and G.C. Kennedy, 1965, Muscovite and its melting relations 
in the system KA1Si

3
o8 - H20: Geochim. Cosmochim. Acta, v . 29, 

p. 1077-1083 . ' 

Shams, F.A., 1965, An occurrence of kyanite pseudomorphs after 
andalusite from Amb . state, West Pakistan : Min . Mag., v . 35, 
p. 669-671. 

Shaw, D.M. , 1956, Geochemistry of pelitic rocks. Part III : major 
elements and general geochemistry: Bull. Geol. Soc. Amer., v. 67, 
p. 919-934. 

Smith, J . V. , 1965, X-ray-emission microanalysis of rock-forming 
minerals. I . experimental techniques: Jour . Geol., v. 73, 
p. 830-864. 

Taylor, H. P . , Jr., and S. Epstein, 1962, Relationship between o18/o16 
ratios in coexisting minerals of igneous and metamorphic rocks: 
Bull. Geol. Soc. Amer., v. 73, p . 675-694. 

Thompson, J.B., 1957, Graphical analysis of mineral assemblages in 
pelitic schists: Amer . Min., v. 42, p . 842-858. 

Tilley, C. E., 1935, The role of kyanite in the "hornfels zone" of the 
Carn Chuinneag granite (Ross-shire): Min. Mag., v . 24, p . 92. 

Turner, F. J . , and J , Verhoogen, 1960, Igneous and Metamorphic 
Petrology: McGraw-Hill Book Co., New York. 



-210-

Weill, D.F., 1966, Stability relations in the AJ.
2
o

3 
- SiO system 

calculated from solubilities in the AJ.20
3 

- Si02 - Na3~F6 system: 
Geochim. Cosmochim. Acta, v. 30, p. 225-c37. 

Wones, D.R., and H.P. Eugster, 1965, Stability of biotite: 
experiment, theory and application: Amer. Min., v. 50, p. 1228-
1272. 

Woodland, B.G., 1963, Petrographic study of thermally metamorphosed 
pelitic rocks in the Burke area, north-eastern Vermont: Amer. 
Jour. Sci., v. 261, p. 354-375. 

Workman, D.R., and I . A. Cowperthwaite, 1963, An occurrence of kyanite 
pseudomorphing andalusite from So. Rhodesia: Geol. Mag., v. 100, 
p. 456-466. 

Zen, E., 1963, Components, phases and criteria of chemical 
equilibrium in rocks: Amer. Jour. Sci . , v. 261, p . 929-942. 


