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Alsrnecr

The Nonewaug granite in the Western Connecticut Highlands is a discordant, lenticular

body nine miles long and three miles wide. It is a post-tectonic intrusive which crosscuts

and partly granitizes the metasediments of the Hartland formation. The granite is char-

acterized by 1) fine- to coarse-grained textural layering roughly parallel to the borders, 2)

large to small graphic granite crystals in a fine- to coarse-grained matrix, and 3) plumose

muscovite-quartz intergrowths. The granite is considered to be emplaced as a liquid or in a

crystal mush state and to have crystallized in place, accompanied by slight movement.

The macroscopic and microscopic textural features of the granite indicate significant

changes in the nature of the magma as crystallization progressed. The crystallization trend

from a soda-rich granite to a potash-rich graphic granite to plumose muscovite and quartz

is correlated with increasing water content and finally, perhaps a gas phase. It seems most

probable that the minerals present, their proportions, and textures resulted from primary

crystallization rather than from recrystallization in the subsolidus region.

Certain mineral textures are interpreted as critical in evaluating the course of crystal-

lization of the granite. Using standard criteria for replacement, the following reactions are

recognized: 1) quartz replaces microcline and albite, 2) albite replaces microcline, and 3)

muscovite replaces microcline and albite. Two generations of each of the above four min-

erals can be distinguished. Most replacement reactions occur between a first and second

generation mineral or between two second generation minerals. The graphic granite crys-

tals and the plumose muscovite are an integral part of the granite and their origin must fit

into a continuing sequence of events related to the crystallization of the entire granite body.

The textural layering and the intermineral textures are explained by mild deformation pro-

ducing dilatant areas in the granite during the crystal mush state.

hqrnopucuoN

The purpose of this paper is to present mineralogical and textural

evidence pertinent to the crystallization of a magmatic granite' The

writers hope to escape argument on the magmatic versus metasomatic

origin of the granite though such escape is difficult where the granite

body occurs in middle to high rank metamorphic terrane' We will try to

show that the granite was emplaced as a l iquid or crystal mush and to

discuss some of the textural features related to its emplacement and

crystallization. The writers believe that the megascopic and microscopic

textural features will provide some understanding of the crystallization

of a natural granite-or, i{ such must be the case, the recrystallization
in the subsolvus region. In Tuttle and Bowen's classification (1958, p.

129) the Nonewaug would be a Group IIC type granite.

The Nonewaug granite is only one of several granitic to ultrabasic

bodies enclosed in the metamorphic rocks of the Western Highlands of
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Connecticut. They range in age from Precambrian to middle Paleozoic.
Structurally they range from pre-tectonic to post-tectonic, from dis-
cordant to concordant, and from disharmonious to harmonious (Walton,
1955). The Nonewaug granite was selected for this study since it is dis-
cordant, late to post-tectonic, and has not undergone any apparent post
crystallization deformation.

AcrNowr,BnGMENTs

The mapping of the Nonewaug granite was undertaken by the senior
writer in 1948 and was completed during the field seasons of 1949 and
1951, under the sponsorship of the Connecticut Geological and Natural
History Survey. Additional studies were made in the field periodically
from 1952 to 1960. Preliminary reports were published in the Quadrangle
Series of the Connecticut Geology and Natural History Survey in 1951
and 1954 (Gates, 1951, 1954). Field studies of the granite by the junior
writer during the summer of 1958 were made possible by a grant from the
C. K. Leith Memorial Fund. The laboratory investigations during the
past twelve years were supported in large part by the Wisconsin Alumni
Research Foundation. The writers are greatly appreciative of the con-
tinuing support of the Connecticut Geology and Natural History Survey
and the Wisconsin Alumni Research Foundation.

The writers are indebted to Dr. S. W. Bailey of the University of
Wisconsin for his advice and interpretation of cc-ray data. Mr. Robert M.
Cassie was engaged during the academic years 1960-62 in petrographic
and mineralogic determinations and we gratefully acknowledge his
excellent data.

GnNonar Goolocy

The Western Highlands of Connecticut are part of a belt of crystalline
rocks lying between the Triassic rocks of the Connecticut River Valley
and the lower Paleozoic rocks of the Hudson River Valley. The High-
lands comprise the southern end of the Green Mountain Plateau. The
Hartland formation, the host rock of the Nonewaug granite, is considered
a correlative of the metasedimentary formations in Massachusetts and
Vermont which form the eastern flank of the Green Mountain Anti-
clinorium. In Connecticut the Hartland tends to Iap over the Green
Mountain axis and extends in a belt ol 2-20 miles wide from the Massa-
chusetts border to Long fsland Sound. The Nonewaug granite is a dis-
cordant, elliptical mass in metasedimentary mica quartzites and schists
of the Hartland formation. It is only one of several granite and granite
gneiss masses in the Hartland formation (Rice and Gregory, 1906; Agar,
1934; Gates, 1951, 1952, 1954, 1959, Ig6ll Rodgers, et al., 1956, 1959;
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Thede, 1958). Ultrabasic to intermediate bodies are also present in the

Hartland (Cameron, 1951; Clarke, 1958). These granites, prior to the

recent mapping program started after World War II, were collectively

called the Thomaston granite and granite gneiss. They are all considered

to be in the Mesozone of the earth's crust (Buddington, 1959).

RBr-erloNs ol rr{E NoNewauc GnaNrrB
To rrrE Henrr-ar.rl FonlrarroN

General, statement. The field relations of the Nonewaug granite show with

reasonable certainty that the granite was emplaced in a liquid or crystal

mush state along a major structural break in the Hartland formation.

The granite is clearly discordant structurally and, in Iarge part, has sharp

contacts with the surrounding Hartland formation.
The Nonewaug granite is a lenticular, east-west trending body nine

miles long and three miles wide, bounded on the north and west by rela-

tively unaltered Hartland metasediments and on the south by a zone ol

mixed granite, granite gneiss, and variously altered rock types of the

Hartland formation (Fig. 1). The granite body and its associated granite

and pegmatite dikes in the surrounding metasediments have an average

trend of N60E with a steep southeast dip. The foliation of the Hartland

formation has various relations to the granite, but none conformable.

Along the northern border the foliation strikes northeast, parallel to the

granite contact, but dips northwest in contrast to the southeast dip of the

granite and related dikes. On the west end and southwest side the Hart-

land formation strikes north to northwest, sensibly normal to the trend of

the granite, and dips westward. The intrusion and alteration of the

border rocks seems to depend in large part on their structural relations

to the granite and on their original metasedimentary nature' i.e. rni'ica

quartzite or schist. In general, the relations of the border rocks and the

granite become increasingly complex from the northeast counter-clock-

wise to the southeast.

The northern border. The mica quartzites and schists along the northern

border are relatively unaffected by the granite and contacts are sharp.

The foliation of the Hartland formation strikes N.45-75E. and dips

20 50' NW. The main granite and its satellitic dikes also strike north-

east, but dip southeast, cleanly crosscutting the Hartland formation.

Granite and pegmatite sills also occur near the border.

The southwest end,. The relations of the granite and the Hartland forma-

tion change rather abruptly at the western end. The foliation of the

Hartland formation swinss from a northeast to a N.10-30oW. strike and
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maintains a westward dip. The granite terminates in three major tongues

crosscutting the Hartland formation at nearly right angles. Between the

granite tongues are numerous sills and dikes of granite and pegmatite

that have the same northeast strike and steep south dip as the main

granite body. Some dikes terminate as sills by spreading out parallel to

ihe foliatio., of the Hartland. The same relations between dikes and sills

may also exist along the northern border, but considering the attitude of

thq foliation, surface exposures would reveal this only by coincidence.

The southwest bord,er. The southern border is an interlayered mixture of

granite and pegmatite dikes and sills, granitic gneisses, feldspathic meta-

sediments, and some unaltered Hartland rock types. The structural

relations here are much the same as those at the west end' The main

The soutkeastbord,er. The southeast half of the southern border probably

is separated from the western half by an extension of a Triassic fault

along the east side of the Pomperaug Valley (Gates, 1954)' The rocks in

this area are an intimate "marblecake" mixture of granite, pegmatite,

granitic gneisses, feldspthic metasediments and minor quartzites and

schists. The structural relations are complex compared to the western

half if any consistent pattern is sought, but are very simple if the meta-

sediments are consideied as having yielded plastically' These metasedi-

ments appear to have been thoroughly "soaked," feldspathized and

kneaded together with granite and pegmatite'

The norlkeast end,. The northeast end of the Nonewaug granlte appears

similar to the western end, though not so well exposed, and terminates

in several tongues accompanied by swarms of granite and pegmatite

dikes and sills.

Summary. Regionally the Hartland formation is an isoclinally folded

series of metasediments with foliation trending northeastward and dip-

ping westward (Rodgers, et al ',1956,1959)' Locally, in the vicinity of the
-Noi.*urg 

granite, ho*.rr.., there is a major fold in the foliation. South
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of the granite the trend of foliation is not as clear and is complicated by
the Triassic fault mentioned above. The generar north trend of the folia-
tion divides, part deflected northwest ana part northeast around the
east and west ends, respectively, of the granite. The field evidence (Gates,
1954) seems clearly to indicate that the Nonewaug granite and its associ-
ated dikes were emplaced passively along tension faults. The major fault
does not have any obvious direct relationship to the isocrinal folds of the
Hartland. However, the flexure in the regional trend of the Hartland
foliation is undoubtedly related to the same tectonic forces that ult i-
mately caused the rupture along which the granite was emplaced. The
field relationship of the Hartland formation and the Nonewaug granite
thus support the conclusion that the granite was emplaced dilatantly late
in the last period of tectonism that affected this region.

Frnro DoscRrprroN

General' statement. The textural and structural characteristics of the

1. Textural layering or banding consisting of Iayers which range in thickness from a
fraction of an inch to several feet and in grain size from fine-grained to pegmatitic;

2. Graphic granite crystals which range in size from one-half inch to two feet and occur
along well defined planes or in a random fashion;

3, Plumose intergrowths of muscovite and quartz.

During the mapping, the layering of the different textures and the planar
distribution of the graphic granite megacrysts providecl the major data on
the structure of the granite body. However, no sequence of layering oc-
curs as a mappable unit.

Layering of the granite. The layered nature of the granite is due primarily
to variations in the coarseness of textures (Fig. 2). There is no obvious
gneissosity. The textures range from fine-grained to pegmatit ic; in fact,
in many places the Nonewaug granite has most of the characteristics of
a pegmatite. There is a sympathetic relationship as would be expected
between the grain size and the thickness of the layers. Typicaily where
the textural variations betwben layers are slight, the granite is fine- to
medium-grained and the layers are thin. where the textural variations
are marked, i.e., medium-grained vs pegmatit ic, the layers are much
thicker, commonly a foot or more. The fine textural layering is most com-
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mon along the borders of the main granite and especialiy in the narrow

tongues at the northeast and southwest ends. The coarse iayering, also

more common near the borders, is also found in the central part of the

granite, usually near roof pendants or screens of mica-quartz schist and

-ica-gra.tite gneiss. An unlayered, medium-grained granite occurs in

Frc. 2. Photo of layering of the granite'

continuous outcrop for over a quarter of a mile across the trend of the

main body in the central portion. Also, the small protuberences along

the central part of the southern border are generaily homogeneous,

medium-grained granite. Generaiizations regarding the spatial relations

of the iayered granite to the granite body as a whole are fraught with

exceptions.

Graphic gran'ite crystals. The graphic granite crystals have three general

modes of occurrence:

1) in pegmatitic layers in the granite, 2) as megacrysts randomly distributed in the reia-

tivelyfiner-grained granite, and 3) as megacrysts concentrated in narrow layers throughout

the granite.
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Other granite rock types. Though the layered granite, graphic granite

megacrysts, and plumose muscovite are most interesting and distinctive

ir, fne held, there is no intention to minimize the occurrence of homo-

geneous, fine- to medium-grained granite and of patchy granite and

iegmatite, both of which are rather common' The homogeneous granite

is the least common type in the main granite mass, but occurs com-

monly as dikes utra riur in the surrounding metasedimentary rocks.

Patchy granite and pegmatite is an irregular and intergrading mixture

of 6.ne-grained to pegmatitic granite. There are no sharp boundaries

between the different textures, nor is there any regular distribution of

the fine- or coarse-grained types. The general pattern can be described

best as a brecciated crystal mush with the finer-grained granite forming

amoeboid masses in a pegmatit ic host' The patchy granite and pegma-

tite is similar in its textuiat variations to the layered granites, with the

fundamental difference being the distribution of the various textures' The

mixed granite and pegmatite is the most common rock type in the central

part of the intrusive.

Moolr CouPosrrtoN

General, statement. The mineralogical composition of the Nonewaug

granite was obtained by modal analyses of the fine- to coarse-grained

iyp.r, by x-ray and' optical studies of all essential minerals' and by a

.i.rrri.ui analysis of the microcline. Modal analysis of the very coarse-

grained to pegmatitic granite was not attempted due to the obvious

Iifficulties of sampling and sectioning. The range of composition of the

fine- to coarse-graineJ granite, not only between, but also within indi-

vidual samples, emphasized the impracticality of modal analysis of the

inequigranular coarser grained rocks. However, megascopic estimates in

the field and laboratory of ttte composition of the very coarse-grained

to pegmatitic granite indicate that it is richer in microcline than the

firrer-grairred granite' Most plagioclase compositions were determined in

thin sections using the fi.re-a*it Universal Stage and Federow's migration

curves (Emmons, 1943) and by extinction angles in grains orientcd nor-

mal to crystallographic "a" (Emmons et al ', 1953, p' 31)' Refractive

indices were determined on selected grains using the Universal Stage and

double variation immersion methods (Emmons, 1943)'

Microcline was found by chemical analysis (Hewlett, 1959) and by

201 r-ray reflections to have 7.5/6 albite in solid solution. Plagioclase

ranges fiom0-15/6 anorthite. X-ray analysis, using the diffractometer'

showed the muscovite to be single phase and to contain little, if any'

sodium.
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I'.ine- to coarse-grained' granite. Tabre 1 gives the modar composition of
twenty-two selected representative samples of the fine- to coarse-grained
granite. The variabil ity of composition between sampres and between
different but parallel sections of the same sample is shown in corums 4
and 5 respectively. The variabre modal composition is a characteristic
of.the grarite and is apparently unrelated to the borders of the body. In
spite of this variabil ity the modar compositions shown on the potash

'r^s* 1' Moolr couposrrroNr ol' FrNr- ro coansu-GnnrNrn NoNrwauc Guurrn

Microcline
Plagioclase

Quartz
Muscovite
Biotite
Apatite and other acc.

1 9 .  8
J / . J

33 .9
8 . 9
1 . 1
0 . 1

2 r . 7
4 1  . 0
J / . J

20.o
4 2 . 7
J / . J

u43
17-54
2740
3-15
u2 .3

0-39
1748
27-38
2-10
r -2 .5

1. Average
2. Average

to 100/6.

modal composition based on 30,000 points,22 samples and 44 thin sections.
modal composition based on microcline, piagioclasi and quartz recaiculated

3' Average of column 2 recarculated to account for Lsl6pragiocrase in solution in micro-
. 

cline as indicated by chemical and, l-ray analysis of one sample.
j. f.anSe 

of composition between 22 samples.
5. Maximum range of composition between thin sections of a single hand sample.

1 Volume per cent.

feldspar-albite-quartz diagram of Fig. 3 are in good agreement with the
modal analyses of 260 thin sections of granite from the eastern united
States (Chayes, 1951). The average coirposition has only 5_7 per cent
less potash feldspar than the norriative br-Ab-etz of tne s7t ptrrtorri.
rocks from Washington's tables shown by Tuttle and Bowen 1iOSS, p.
79)' A recalculation of the modar analysis subtracting from the iotar the
anorthite content of the pragioclase and shift ing th;7.5 per cent albite
in solid solution in the microcline to the albite content does not change

granite. Thus, it seems entirely rea_
is comparable both chemically and
anites as defined by Chayes (1951,

_he relative amounts of the feldspars
is the variation in the composition of the pragioclase in dif ierent textural
varieties of the granite. The plagioclase o..i,.r iog as discrete grains, as
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unor ientec l  inc lus ions in  microc l ine,  or  in  per th i t ic  in tergrowth ranges in

composition from 0-15o'. Excluding the perthit ic plagioclase' the modal

peak for the fine- to .Ju,,.-g'uineJ granites falls between 6-10u"' This

composition includes 60 per lent of tne 3a0 plagioclase determinations'

Theplagioc lasepoik i l i t ica l ly inc ludedinmicrocl ineiss igni f i .cant lymore
,oaic. ft modafpeak is beiween 0-5u" with 75 per cent of the 74 deter-

minations fall ing in this range. The plagioclase in perthit ic intergrowths

normal to a.

Graphic granite megocrysts. The composition of the graphic granite crys-

tals was determined 6y *odul a.aiysi. of selected megacrysts which
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contained a minimum of unoriented quartz, albite, and other included
material. Essentially the analyzed crystals are composed of microcline
perthit ic albite and qtartz with the standard cuneiform pattern. sec-
tions were cut parallel to the front, side, and basal pinacoids (100,010
and 001) to avoid bias due to the preferred orientation of the albite and
qvartz intergrowths. Table 2 and Fig. 3 show the results of these analyses.
The microcline contains 5/6 albite in solid solution based on *-ray diffrac-

T,lnr,n 2. Moner, Couposnrosr ol Gnapurc GuNrrn Mncacnysrs

1
S e c t . 1 1

(100)

6 0 . 0
1 5 . 5
2 3 . 5
1 . 4
0 . 1

2
S e c t . 1 1

(001)

3
Sect. 11

(010)

6 4 . 1
1 6 . 0
19.9
0 . 0
0 0

Or-Pl-
O t z :  1 O OAve

Microcline
Plagioclase

Quartz
Muscovite
Biotite

6 1  . 6
1 8 0
20.4
0 . 0
0 . 0

6 2 0
1 6 . 1
2 1  . 3
0 . 6
0 0

59.2
19.3
z l . l

1. Rasecl on 3016 points
2. Based on 1470 points.
3. Based on 1929 points
4. Ar,erage of 1, 2 and 3.
5. or-Ab-Qtz recalculated to 1000/6 and taking into account 516 albite in solution in

microcline.

I Volume per cent.

t ion study using 201 reflections. This composition is comparable to that
determined by Simpson (1962). p. 1126 for the graphic granite of the
Ramona pegmatites. rt is obvious that the graphic granite megacrysrs
are richer in microcline and poorer in qtartz and albite than the averaqe
fine- to coarse-grained granite.

The total contribution of the graphic granite megacrysts to the compo-
sition of the entire granite mass is diff icult to estimate since the graphic
granite crystals range in size from a fraction of an inch to two feet across
and occur in such a random and irregular way. Further, the graphic
granite megacrysts themselves vary in composition due to included
grains of plagioclase, qtrartz, micas and irregular patches of granite.
Many large microcline crystals contain qsartzin unoriented, non-graphic
intergrowths which difier from the graphic granite only in the lack of the
cuneiform nature of the quartz rods. The analyses show, however, that the
addition of the graphic granite crystals to the matrix granite would tend
to move the bulk composition of the granite mass toward the r/3 or-l/3
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Ab-1/3 Qtz oL the ideal granite (Tuttle and Bowen, 1958)' If the graphic

granite crystals are assumed to compose one-quarter of the whole mass,

the granite body assumes the ideal granite composition'

cluartz and muscovite (Table 3). X-ray studies show the mica to be a

single phase and. essentially pure K muscovite. The maximum deviation

Taeln 3. Moo.lr, CoulosrrroNl Ol. Pr-uuosB MUSCOVTTn-QUenrz IxtrnGnowrns2

Muscovite
49 . t

Quartz
s0.7

Biotite
. 2

1 Volume per cent.
2 Based on 4426 points.

from this average is less than one per cent. Orvil le (1960, p' 1475) also

finds a similar composition for the plumose muscovite in the pegmatites

of the Black Hills, South Dakota. The plumose muscovite-qtartz intet-

growths can be considered as chemically similar to microcline' By the

udaitio.r of a mole of water three moles of potash feldspar can be con-

verted to equal volumes of muscovite and quart z with the loss of two

potassium ions. The efiect of the quartz-muscovite intergrowth on the

bulk chemical composition of the granite is insignificant'

Tnxruner Fn'arunps oF TrrE Essn'Nrr'q'r MrNnner's

General statement. In the preceding sections the following conclusions

were drawn on the basis of f ield relations and observations:

1) The Nonewaug granite was emplaced dilatantly; 2) The textural layering and other

planar features are due to -orre-errt during emplacement when the granite was in a crystal

mush statel and 3) There vr'as no appreciable post-crystallization deforrnation of the

granite.

Assuming that these conclusions are valid, the intergrowths and inter-

mineral textural relations should be those of a syn- to post-tectonic mag-

matic granite. The characteristics of individual mineral textures will be

discussed with this environment in mind.

The same intermineral textures or relationships are found in all types

of the Nonewaug granite from the fine-grained to the pegmatitic and
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graphic granite crystals. However, certain rerationships are more com-
mon in one type of granite than in another. The xenomorphic granular
texture is common in all varieties of the granite and is particularly char-
acteristic of the fine- to medium-grained granite. The intermineral rela-
tions described below are statistically subordinate but are present in
essentially all thin sections studied.

The principal minerals composing the Nonewaug granite, in addition
Lo the normal smooth boundary relations, show grain boundary relations
and other textures or "intergrowths" which are interpreted as replace-
ment reactions which reflect in large part changes in the course of crystal-
l ization of the granite or the nature of the crystalrizing fluid. Though the
replacement textures are present in all types of granite, they are more
common in the medium- to coarse-grained types and are particurarly
characteristic of the graphic granite crystals. The writers are aware that
replacement textures can, in any specific case, be interpreted in more
than one way and may also be interpreted as a recrystallization feature.
Replacement textures between pragioclase and microcline are particu-
larly subject to alternate interpretations or as an unmixing phenomenon.
However, field relations do not indicate any basis fo, e*p"cti.rg recrystal-
rization after solidification. Nor does the distribution of the ,,replacement
type" textures between feldspars have the uniform distribution one might
reasonably expect from the unmixing of a one feldspar granite. The re-
placements recognized in the Nonewaug granite are

1) microcline by quartz, 2) microcrine by pragiocrase, 3) pragiocrase b y qtartz,and 4) micro-
cline and plagioclase by muscovite.

The fourth reaction is quantitatively very subordinate. Each of these
intermineral textures wil l be described and il lustrated.

Microcline. Microcline occurs as smail, discrete non-perthitic grains
.1 mm across at one extreme to large, r_2 foot perthit ic graphic granite
crystals poikilitically including randomly oriented quartz, albil, and
muscovite at the other. The textural relations between microcline and the
other principal minerals tend to be more complex in the graphic granite
megacrysts where all the interrelated reactions are seen. The same indi-
vidual intermineral relations, however, can be seen where only microcline
and one other mineral are involved. potash feldspar, now microcline,
appears to have crystallized earry along with quartz and plagioclase in
the fine- to medium-grained granite, to have deveroped latei the perthit ic
graphic granite megacrysts and in the last stages of crystall ization, to
have been particularly vulnerable to replacement by albite and quartz.

1' Microcline-plagioclase relations: the rerations between these two
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minerals are extremely varied and indicate a complex crystall ization

history. The two minerals occur in two types of perthit ic intergrowths

which tend to intergrade. They also exist side by side as discrete grains

with a smooth anhedral boundary. The boundary may also show a "re-

piacement,' texture, interpreted here as piagioclase replacing microcline.

The piagioclase also occurs as unonented grains poikil i t ically included in

microcline.
The more simple perthit ic intergrowth is characterized by fine fi lms
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Iocalized along the pre-existing albite fi ims and stringers that were un-
mixed from the originally homogeneous alkali feldspar.

The microscopically visible perthit ic aibite ranges from a trace amount
in the fine- to medium-grained microcline to 20-25 per cent in the large
graphic granite crystals (Fig. 5). A chemical analysis and20l n-ray re-
flections of the non-perthit ic microcline from the medium-grained granite
show 7] per cent albite in solid solution (Hewlett, 1959). The 20I r-tay
reflectionsl of several microcline grains from perthit ic microcline crystals
indicate 5 per cent albite in solid solution.

Frc. 5. Graphite granite crystals showing relations of microcline, quartz, and albite.

Quartz is black, microcline is gray, and albite is white. Crossed polars, 26X.

I 'he relationship between microcline and albite discussed below where
the two are not in a classical perthit ic intergrowth provides ample
grounds for debate with Iitt le chance for an unequivocal decision. The
writers are aware of the many statements sprinkled throughout the
literature of the past half century interpreting the textures (Figs. 6, 7)
described as 1) microcline replaced by plagioclase, 2) plagioclase re-
placed by microciine, or 3) unmixed perthit ic or anti-perthit ic feldspar.
The observations.given here lead the writers to the conclusion that micro-
cline is replaced by albite.

a). A complete series can be found from microcline grains with only
slight corrosion or embayment by albite around the borders to plagio-
clase crystals in which microcline occurs as a few "islands" in an albite
host (Gates, 1953). Irregular veins and stringers of albite in microcline
are common, but veins of microcline in albite were not found. fn the re-

1 X-ray studies by Dr. S. W. Bailey and Miss Judith Smith.

1055
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Frc. 6. Microcline almost completely replaced by plagioclase. The polysynthetically

twinned material is plagioclase; small, dark, angular blocks are microcline. The albite twin

lamellae are continuous in the plagioclase and the microcline. Crossed polars, 210N.

placement series the microcline and plagioclase are in crystallographic

continuity and each feldspar has a single optical orientation. The angular

or rectangular patches of microcline in the albite have the optical orienta-

tion of the main part of the microcline grain. The suggestion has been

made elsewhere (Gates, 1953) that the common rectangular shape of the

microcline patches results from the preferential replacement by albite

along the albite and pericline twin lamellae of the microcline.

Granite samples are abundant which contain two types of albite. One

type is clean with sharp extinction, and well-developed twinning. The

Fro. 7. Microcline remnants in plagioclase host. The matrix is plagioclase; small, cross-

hatched fragments are microcline. The light streaks are indistinct twin Iamellae (010)

inherited from the microcline. Crossed polars, 60X.
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abundant additional plagioclase in crystallographic continuity with the
microcline showing replacement textures. Any reaction rims which are
found between enclosed unoriented plagioclase in microcline are generally
albit ic and probably related to perthit ic albite unmixed from the micro-

qtrartz in the fine- to coarse-grained granitic textured rocks are typically
sharp, but may be irregular. This is arso true of q'aftzgrains poikiritically
included in the larger microcline crystals. Microcline is not found as

3. Microcline-muscovite relations: Muscovite and microcline occur
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which would have been released by the replacement of microciine by

muscovite.

Plog'ioclose. Aibite is the major feldspar in the fine- to coarse-grained

gruiit" and tends to occur largely as discrete anhedral grains' As the

lrain size of the granite increases, the relationship of the albite to the

Jther essential minerals becomes increasingly compiex. In addition to

discrete anhedral grains, albite is found

a) poikilitically includeci in microcline, b) in normal perthitic intergrowths with microcline,

.j in a co-orie.rted intergrowth with subordinate, irregular patches of microcline (f-igs. 6, 7),

and d) in graphic and myrmekitic intergrowths with quartz'

Ftc. g. vermicular reaction rim of muscovite and plagioclase. crossed polars, 60X.

The relationship between plagioclase and microcline is given above in the

section on microcline'
1. Plagiociase-quartz. one of the most striking textural features of the

granite is the border between qtrattz and albite' Although many cbntacts

f,etw"e., these minerals are smooth curves, the striking ones aIe sbrrated

borders which resemble the toothed edge of a saw (Fig' 9)' ' fhe serrated

borders are present only wherc plagioclase twin lamellae are in contact

with quartz. The quartz appears to penetrate or replace the plagioclase

selectively aiong the (010) and (001) planes' In many cases the serrations

appear to be related to alternate sets of twin lamellae, i 'e', one set pro-

1..i i"g into the qtartz and the aiternate set penetrated by quartz (Fig'
'Sl. 

fh1 (010) plane appears much more susceptible to replacement than

(001), but where both albite and pericline or acline twinning are present'

s".rui.d borders against qlrartz are present along both types of twins'
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However, it seems more l ikely that the apparent vulnerabil ity along (010)
and (001) is related to weak bonding rather than to twinning.

The serrated borders between quartz and plagioclase are found in all
the modes of plagioclase given above. Of particular interest are the ser-
rated borders between the cuneiform qts.artz rods of the graphic granite
crystals and both the unoriented albite inclusions and the unmixed
perthit ic albite. Many contacts between the qtartz rods and both types
of piagioclase are smooth but some serrated borders are found in all
sections. If the serrated contacts represent replacement by quartz, then
the cuneiform graphic quartz rods must have formed, in part at least, by
replacement.

Frc. 9. Serrated plagioclase-quartz border. Note twin lamellae in center of each point.
Piagioclase is white, quartz is gray, and small patch of microcline is cross hatched. Crossed
polars,  90\ .

2. Piagioclase-muscovite. fn general the borders between plagiociase
and muscovite are similar to those between microcline and muscovite.
Vermicular intergrowths of plagioclase and muscovite (Fig. 8) are present
in many sections. Muscovite flakes terminating in plagioclase are com-
monly frayed or ragged in appearance. The interpretation given here is
that muscovite replaces the plagioclase.

Quartz. Quartz typically occurs as discrete anhedral grains in fine- to
medium-grained xenomorphic granular granite. In addition it occurs as
poikiiitic inclusions in larger microcline crystais, as cuneiform rods in
graphic granite, and in the plumose muscovite-quartz intergrowths. The
intermineral relations in general are discussed above and the graphic
granite and plumose muscovite are discussed below.
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Gnepurc GnarqrrB Cnvsrrlr,s

General Statement. The several modes of occurrence (see p. 1046) of the
graphic granite crystals all indicate that they formed late in the crystal-
I ization history of the granite. Whether they formed as a result of "gran-
ite minimum" crystallization, semi-porphyroblastic or porphyritic
crystall ization, replacement, or some other means is not at all certain.
IIowever, the textural features given below indicate that they formed in
a crystal mush from a volati le enriched magma concentrated locally by
structural activity. A coexisting or later gas phase (Jahns and Tuttle,
1962) may account for the replacement features characteristic of the
final crystallization.

The mineralogic and textural features of the graphic crystals are similar
in all the modesl the major variations are in the relative amounts of the
essential minerals, the amount of included material, and the coarseness
of texture. The essential minerals of all graphic crystals are microcline,
perthit ic albite, and quartz. Plagioclase-quartz graphic intergrowth are
present in subordinate amounts. The major inclusions in the graphic
crystals are diversely oriented sodic plagioclase, quartz, muscovite,
biotite, and clots of f ine- to medium-grained granite. The amount of
poikilitically included material ranges from none to so much that the
graphic megacrysts are recognized in outcrop only by the microcline
cleavage. The variation in the ratio of the essential minerals is largely
related to the quartz content which increases as the intergrowth becomes
more regular and the quartz becomes more geometric in cross section.

Composilion The range in size of the graphic granite megacrysts from a
half an inch across to more than two feet makes any modal analysis
difficult and questionable. This problem is complicated further by the
diversely oriented inclusions which are unrelated to the graphic inter-
growth proper. Ifowever, a modal analysis was made of a representative
part of a four inch megacryst which was free of inclusions and had a
regular, well-developed graphic texture. Sections cut parallel to the front,
base, and side pinacoids were analyzed and average'l (Table 2). The
average given in Table 2 may be considered as the ideal composition for
the graphic granite which is seldom attained here, but is common in many
pegmatites (Simpson, 1962).

The most abundant inclusions are subhedral crystals of"plagioclase.
The composition of the diversely oriented plagioclase crystals range from
0-15"o, but 7 5/6 of the seventy-four determinations made are between 0
and 5,,. Thus, the mode for the included plagioclase is definitely more
sodic than for the normal fine- to medium-grained granite.

If the poikilitically included material is disregarded, the graphic granite
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crystals are composed essentially of microcline, albite, and quartz. Of
these minerals the quartz is the most variable. The amount of quartz
tends to increase as the graphic intergrowth becomes more regular,
reaching its maximum in the classic type intergrowth shown in Fig. 5.
The plagiociase of the perthit ic intergrowth is more variable in some re-
spects than cltartz, but is not systematic in its variations. Generally the
plagioclase of the perthite occurs as irregular patches in the microcline
and with surprising frequency occurs as stringers between the quartz
rods. In good, uniform graphic crystals the perthit ic plagioclase may
compose as l itt le as 7 per cent of the total. The composition of the plagio-
clase is generally less than 5u,,. The microcline of a graphic granite crystal
was found to contain 5/6 albite in solid solution using the ,-ruy 201
method. This is slightly less sodic than the non-perthit ic microcline which
occurs as discrete grains in the fine- to medium-grained granite.

Terture. The graphic granite crystals discussed here can be described as
microcline-perthite megacrysts in an intergrowth with qvarLz. The quartz
is of paramount interest since the microcline perthite relationship is more
or less fixed by their common crystallography. The qtartz ranges in
amount, shape, and orientation within rather wide l imits. Textural studies
reveal a somewhat systematic relationship between these three variables.
fn general as the percentage of quarLz increases, the geometric nature of
its borders becomes more pronounced and the optical orientation of the
qlJartz rods becomes more uniform. Where the quartz content is low, the
cross section is irregularly rounded to amoeboid and every q-uartz'(rod"
or bleb may have a different orientation. Where the quartz content
reaches its maximum around 24 per cent by volume, the rods tend to be
triangular and to have a common orientation over a large area.

The optical and geometric orientation of the qttartz with respect to
the microcline was studied in thin sections cut parallel to the major
crystallographic directions of the microcline. Usually, in the more regular
graphic intergrowths, one optical orientation encompasses the majority
of the rods with the remainder fall ing into two or more groups, each
having a common optical orientation. In the less geometric intergrowths
the optical orientation was more diverse. Similarly the geometric orienta-
tion of the triangular outl ines of the quartz rods relative to the crystal-
lographic directions of the microcline were studied in sections cut normal
to the rods. The generalization is drawn that the altitude of the triangle
is roughly parallel to (010), but the sides of the triangles have no fixed
relationship to any crystallographic direction. The exceptions are nu-
merous;in one section there are two sets of triangles, one with the alti-
tudes parallel to (010) and the other parallel to (001). The corollary
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follows that the angles of the triangles are not constant even in the more

regular intergrowth. The apex angle ranges from about 18 to 30 degrees.
Also, one side of the triangle is usually incomplete or irreguiar. In sec-

tions cut parallel to the rods, the geometric pattern is missing. The rods

appear worm-iike, but not of constanL width. fn general the writers con-

cur with others (Wahlstrom, 1939, pp. 689-692; Hedland, 1958, pp. 50-

5 1 ; Simpson , 1962) that regardless of their origin there is little or no fixed

crystallographic control on the optical or geometrical orientation of the
quartz rods.

Frc. 10. Serrated borders between graphic quartz rod (white) and plagioclase crystal

poikilitically included in microcline. Crossed polars, 30X.

Quartz-plagioclase relationship. The relationship of the quartz rods to the

two generations of plagioclase (the poikil i t icaliy included plagioclase and

the unmixed perthit ic albite) afford the best clues to the crystall ization

sequence of the graphic intergrowths. The quartz rods protrude into,

embay, and poikil i t ically include euhedral plagioclase crystals which were

originally poikil i t icalty included in the host microcline megacryst. It is

not uncommon for the qvartz to show a serrated border against selected

parts  of  the p lagioc lase inc lus ion a l though smooth contacts are the ru le

(Fig. 10) . The quartz rods also appear to invade the unmixed perthit ic

albite, but it is also possible that the albite unmixed around the pre-

existing quartz. However, many cases can be found where the graphic

qtartz rods, protruding into unmixed perthit ic albite, have the serrated

contact against the albite (Fig. 11). Additional indications of the late

nature of the quartz are rods which extend beyond the microcline host

and into contiguous minerals. Several examples were noted where a
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graphic quartz rod extended into an adjacent plagioclase grain and de-
veloped the serrated border. In each case the interpretalion is that the
quartz, in part at least, is not only later than the microcline but later
than the albite unmixed from or replacing the microcline during the
formation of perthite.

Prulrosp MuscovrrB-Qu.Lnrz f rrnncnowur

General statement. Plumose intergrowths of muscovite and quartz are not
so uncommon as their rarity in the l iterature indicates (Orvil le, 1960).

Frc. 11. Serrated borders between graphic quartz rods (black) and perthitic albite
(light gray, faintll' twinned). Microcline host is dark gray and twinned. Albite and micro-

cline are crystallographically continuous Crossed polars, 30X.

The field relations and general occurrence of these intergrowths shed
litt le l ight on their origin, but the detailed border textures may be signifi-
cant. The conclusion that the plumose muscovite-quartz intergrowth is
the last assemblage in the granite to crystall ize is supported by the rela-
tions of the intergrowth minerals to the contiguous minerals of the
granite.

Terture. The plumose intergrowths of quartz and muscovite occur as
irregular, spherical, hemispherical, or feather-duster like masses in the
granite. In general they are interstit ial to the other minerals and com*
monly plagioclase, quartz, and small clots of fine-grained granite. A
typical associate of the plumose intergrowths is graphic quartzandplagio-

clase in which the plagioclase-qrrartz interf.a"ce is serrated as described
above (Fig. 12). The contacts between the muscovite and quartz of the
plumose intergrowth and the minerals of the granite are typically smooth
or undulatory giving no clue as to the sequence of crystall ization of the
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various minerals. However, the indications of late crystall ization of the
plumose intergrowth are indicated by the following features.

1. The plumose intergrowths have as inclusions all other minerals of
the granite as well as small clots of the granite itself. In addition the
plumose intergrowth occurs interstit ially and commonly has long tongues
penetrating or embaying the surrounding rock.

2. Where the border between the quartz of the plumose intergrowth
and plagioclase (either included or outside the plume) is not a smooth
one, it is serrated in the manner discussed above indicating replacement
of plagioclaseby quartz (Figs. 9, 10, lI, 12).

Fro. 12. Serrated borders between graphic quartz (white) and plagioclase (twinned) in
a graphic quartz-plagioclase crystal adjacent to plumose-muscovite-quartz. Crossed polars,
30x.

3. Near the borders of the plumose intergrowth the muscovite flakes
of the plume are found to extend into the surrounding microcline, plagio-
clase or quartz. This penetration is generally less than half the length of
the entire flake.

4. In one case where graphic microcline-qvartz and a plumose inter-
growth are in contact, a cuneiform quartz rod of the graphic crystal is
partially enclosed by the plumose muscovite-q:uaftz. The relations indi-
cate minor replacement of microcline by quartz and muscovite.

5. The unusually common association of graphic plagioclase and
cytartz with the cuneiform qu artz typicallyhaving deeply serrated borders
against plagioclase may also be related to alate aqueous silica rich stage
of crystallization.

DrscussroN oF THE Cnvsr,c,nrzarroN oF THE GRANTTE

General Statement. The average composition of the Nonewaug granite
calculated in terms of albite, K feldspar, and quartz approximately coin-
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cides with the synthetic granite minimum of Tuttle and Bowen (1958).
The additional components of muscovite and anorthite average less than
10 per cent of the total and must be considered normal constituents of
a natural granite. Thus, the granite should be expected to follow the
course of crystallization predicted by laboratory experiments if varia-
tions in temperature, pressure and water content are taken into con-
sideration.

The Nonewaug granite has many characteristics of pegmatites in that
Iocally it is very coarse-grained and contains Iarge graphic granite crys-
tals. It is not l ike the more intensively studied pegmatites in that it is
neither zoned, regularly layered, nor contains the accessory minerals
commonly associated with pegmatites, such as tourmaline. However, as
with the structurally less complex pegmatites, it is possible to establish
a sequence of crystallization of the various textural types based on their
relations to each other. The sequence established is from fine-grained to
coarse-grained to pegmatit ic as one would expect. In this sequence the
major compositional change is from a plagioclase-rich fine-grained granite
to a K feldspar-rich pegmatitic granite. The fine-grained granite repre-
sents the first to crystallize and may be analogous to the sodic aplites of
Jahns and Tuttle (1962) which they attribute to rapid crystallization of
the magma during the escape of the volati le constituents. The coarse-
grained granite and pegmatite represent successive separation of the
fluid fraction (hydrous silicate magma andf or gas) in response to struc-
turally produced zones of low relative pressure. The increase of K feldspar
in the coarse-grained granite suggests a preferential transport of potas-
sium over sodium with increasing volati les. The plumose muscovite-
quartz intergrowths represent the final stage of crystallization.

Structure. The Nonewaug granite was passively emplaced along a major
flexure and fault in the Hartland formation in a series of continuing injec-
tions. This is indicated by the fine- to medium-grained, thinly layered
granite not only at the borders but within the main body. Repeated
movement along the fault, when the granite was a crystal mush, tended
to concentrate the still liquid phase along zones of dilation producing
the coarse-grained or pegmatitic granite. Elsewhere the movement
"brecciated" the crystal mush to produce the large areas of patchy fine-
to coarse-grained granite and pegmatite. The coarse-grained graphic
granite bearing parts of the granite probably correspond to the hanging
wall side (Simpson, t962;Statz and Trites, 1955) or the upper layer of
the Black Hil ls layered pegmatites (Orvil le, 1960). The graphic granite
crystals grew in fluid dilation zones, Iayers and areas which developed
late in the crystallization history of the granite.
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Fine- to coalse-gr&'ineil grattite. In the normal granite (i.e. that free of
Iarge microcline or graphic granite crystals) it seems apparent that plagio-

clase, potash feldspar (microcline) and quartz crystall ized side by side.
The plagioclase to microcline ratio ranges from 1.5-2.0 and averages
about 1.7. In the fine-grained, thinly layered border phase the plagio-

clase is the most calcic being about 15u". The microcline is not noticeably
perthit ic, but does contain 7.5 per cent albite in solid solution (Hewlett,

1959, sample 18). 
' fhe typical xenomorphic granular texture indicates

contemporaneous crystall ization of the three components. It ha.s been
suggested by Orvil le (1960) based on the work of Yoder et al. (1956,1957)

that the presence of a small amount of anorthite in the plagioclase might

raise the crest of the solvus belween potash feldspar and plagioclase

enough to cause the two feldspars to crystall ize side by side. The init ial
piagioclase to crystail ize was about 15o" which would support this theme.
During crystall ization the plagioclase became progressively more sodic

to about 3o,. The plagioclase unmixed from the potash feldspar is 0 5u".

Certainiy the textures, general structure, and geologic history suggest
primary crystall ization of the two feldspars up to the point where the
Iarger graphic granite crystals began to form. The serrated borders be-
tween quartz and plagioclase and the vermicular muscovite-feldspar
intergrowths are very subordinate and most l ikely represent the effect of
the interslit ial f luid at the end of crystall ization.

Graphic gronite-beari,ng granite and pegmatite. The graphic granite crystals

occur in ail types of granite from fine-grained to pegmatit ic, but are most

abundant and largest in the coarse-grained granite and pegmatite areas

or layers. Field and petrographic study shows that the graphic granite

crystals poikil i t ically include clDartz, plagioclase, micas, and clots of the

fine-grained granite. The graphic granite crystais are considered to have

developed in zones in a crystal mush where the structural activity con-

centrated the interstit ial magmatic l iquid. Here the large microcline

crystals grew and poikil i t ically included all earlier formed minerals. The

included plagioclase crystals range from 15-0.,, with a pronounced modai

peak around 4-5^.. It is possible if not probable, that the quartz of the

graphic granite crystall ized with the potash feldspar in large part. The

textural features indicate that the albite of the microcline perthite is con-

trolled in part during unmixing by the graphic qtrartz rods (Fig' 5). The

"unmixed" albite occurs iargely between the rods. The relationship of

the serated borders between graphic qtrartz rods and unmixed perthit ic

albite as here interpreted would contradict that. However, the contra-

diction is resolved if the quartz continues to crystall ize possibly from a

gas or dilute aqueous sil iceous fluid after the albite has unmixed in the
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subsolidus region. The crystall ization trend is thus from early and quan-
titatively subordinate potash feldspar with about 7 .57a albite in solid
solution to a more sodic quantitatively predominant potash feldspar
(approx. Orzo Abro) crystali izing in irregular to graphic pattern with
qtrartz. Apparently, plagioclase crystallizes side by side with the potash
feldspar throughout. In the final stages, presumably in the subsolidus
region the bulk of the soda in the potash felspar unmixes to form the
perthit ic microcline during which time there are dilute sil iceous solutions
(gaseous?) present to continue the growth of the quartz and in part to
replace the unmixed albite. The suggestion of Jahns and Tuttle (1962)
that sodic aplites associated with potassic pegmatites may be explained
by a "segregation of the major aikalis in the presence of sil icate melt and
coexisting aqueous gas" may weil expiain the relations between the fine-
and coarse-grained layers of the Nonewaug granite. The intimate inter-
layering and intermixing of the fine- and coarse-grained granite with the
ratio of plagioclase to potash feldspar reversing certainly indicate a sepa-
ration of sodium and potassium in a fluid medium. A change in the con-
centration of water and volatiles could explain the crystaliization ol
potassic feldspar and quartz in graphic intergrowths instead of in discrete
grains. The crystall ization of the entire graphic granite crystal may be
gaseous as suggested by Simpson (1962), but it seems that there must be
a significant change in the character of the residual fluid in the final
stages to explain the serrated quartz-plagiociase borders.

Plumose muscoaite-quartz intergrouth. The plumose muscovite-quartz
intergrowths are considered to represent the very last stage of crystal-
lization for the reasons given in the section on textures. Chemically this
intergrowth may be considered the hydrous equivalent of potash feldspar
with the loss of two-thirds of the potassium. It seems most l ikely that this
represents a slightly Iater but largely contemporaneous crystallization
with the last stage of the graphic granite. The extensive replacement of
plagioclase by quartz adjacent to many of the plumes corroborates this
conclusion. The plumose texture may be vagueiy explained as analogous
to the radial pattern of feldspars in spherulites. They might have crystal-
l ized from a watery gelatinous mass.

In summary, it is suggested that to a large degree plagioclase, qqartz,
and potash feldspar crystallized side by side from the inception of crystal-
I ization to its end. The change in the relative amounts of the constituents
and their textural relations can best be explained by a change in the
character of the crystall izing magma. The total crystall ization must take
place close to the thermal valley of petrogeny's residua system. The sepa-
ration of the finer grained granite from the coarser grained to pegmatit ic
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granite is structurally controlled and probably involves successive sepa-
ration of a more aqueous magma as crystall ization progresses.
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